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ABSTRACT 


The quenching mechanism of Hg I Oa ee) and 6(3P,) atoms 
and the relative importance of Hg(3P,) atom participation in 
Hg(3P,) photosensitization of various foreign gases have 


been studied in detail. 


Colirssonally ~induced tLransiticons to the =P, state is 
the major process by which BOE) atoms are removed in the 
presence of nitrogen under conditions of low imprisonment of 
resonance radiation. The presence of Hote) ) geatons pgs 
evidenced by the persistence of a weak 25378 emission (de- 
layed fluorescence) after the exciting light has been extin- 
Gumshied. » The» imate, of ermation jof, Hoa 6A(> i.) mokecuhes may. 
be enhanced relative to delayed fluorescence by increasing 
the. imprisonment of the 25374 cadiation, which results in an 


increase in the 48502 and 335028 emission band intensities. 


Absolute quenching rate constants for Hg 6(3P,) atoms 
by various light and deuterated alkanes have been obtained 
by monitoring the delayed fluorescence intensity in flashed 
mixtures of these substrates with nitrogen. The presence of 
the low population of Hg(*P,) atoms in the Hg (3P,) -nitrogen 
Svstematha S \ er | nSlgqnaiacant seiiect « onthe detemainatron or 
Hg\(2P.o9 atom quenching cross-section vabues fon weak quench- 


ers. Increasing the temperature has little effect on the 
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ages) quenching rate of ethane, neopentane and propane but 
decreases those of sectoneiuene and cyclohexane. These 
results are explained in terms of a simplified potential 
energy diagram compatible with the processes known to occur 


in these systems. 


Absolute quenching rat¢e constants for HOA) atoms by 
hydrogen, deuterium, ethylene, deuterated ethylene, benzene, 
deuterated benzene and hexafluorobenzene have been measured 


at rocm temperature. 


Delayed fluorescence decay measurements demonstrate 
that an increase in temperature decreases the rate constant 
values for ug (42) atom quenching by oxygen- and sulphur- 
Containing” organic’ ™ compounds.  Therformatsa con sot ae (Hg(SP.) = 
substrate) complex is implicated in the quenching mechanism 
from cbservation of diffuse bands due to its decay via radi- 
ative transitions. The detection of these bands, centered 
around 2000A, implies that 3P, atoms play an important role 
in the Hg(3P,) sensitization of these substrates. Based on 
the effects of deuterium substitution, it is proposed that 
decomposition occurs when the complex assumes a configura- 


£LOh appropriate for the abstraction of an w=hydrogen. 


Data obtained from measurements of the (Eg (4P,) NES) 
complex emission intensity at 360GR indicates that ammonia 


quenches Hg(3P,) atoms according to second and third order 
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Kinetics at 289°C, but byusecond order kinetics oniviat 7 OCC. 
A three-fold increase in the second order rate constant over 
this temperarure range may be attributed to an increase in 


the rate of decomposition. 


Spectroscopic studies of the band emission in the  sen- 
Sitization of nitrogen-xenon mixtures shows that Hg(22 ) 
aces are Insignificany in, <he  Hg(7P>) | sensitization “of 


Xenon. 


The appearance of two or more intensity maxima at 25372 
with time in flashed mixtures of mercury and low pressures 
of the rare gases, methane, ethane, tetrafluoromethane, 
nitrogen and dimethylether has been observed. The intensity 
and the delay time between peaks depends on the temperature, 
flash intensity and the nature and pressure of the foreign 
gas. The result suggests the possiblity of a laser process 
in these systems. Only one intensity maximum was observed 


With added hydrogen or ethylene. 
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CHAPTERS. 


INTRODUCTION 


The processes by which an energy-rich atom or molecule 
becomes thermalized are of fundamental importance in chemi- 
cal kinetics. In photochemistry, energy is introduced into a 
System by absorption of electromagnetic radiation, usually 
between 10,000K and 10008, which provides energy in the 
pange 19231 Hoe 230 ekcal tper indlenitie texcess™enerqy is edis- 
Sipated through physical processes such as luminescence or 
through chemical processes such as the decomposition or 


isomerization of a molecule (1). 


Flectronic excitation can be brought about indirectly 
by the transference of the electronic energy of a photo- 
sensitizer atom or molecule. In a photosensitization systen 


*hree Consecutive events. occur: 


(i) absorption of radiation by the sensitizer 
(ii) transfer of energy (in whole or in part) from the 
sensitizer to the acceptor and 
(iii) the processes by which the acceptor is relaxed as 


a consequence of (ii). 


An understanding of such a photochemical system requires the 
elucidation of all three steps. The information required to 


describe step (i), such as the lifetimes and energy content 
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OF “the *varnrous excited "states -@of8iLhe olséensitizerfeican ‘be 
determined from spectroscopic properties. Steps (ii) and 
(iii) may be elucidated by consideration of the physical and 
chemical properties of both the sensitizer and acceptor and 
the effects produced by their interaction under different 


experimental conditions. 


The extensive amount of work which has been reported on 
metal atom sensitized reactions in the gas phase is due 
principally to the conceptual simplicity of such systems and 
the availability of pertinent information necessary to in- 


terpret the results. 
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The essential requirements of a good gaS phase sen- 


Sitizer are: 


(i) a chemically inert ground state with a comparati- 
vely high vapour pressure, 

(ii) well defined energy levels which may be populated 
by absorption of radiation with high extinction 
coefficients and 

(iii) upper states that exist long enough for extensive 


energy transfer to occur. 


These properties are exhibited by mercury without recourse 


to elaborate experimental frocedures. For this reason, it is 
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not surprising that the first example of energy transfer (2) 
involved mercury as sensitizer. Mercury sensitization has 
been used extensively as a model photochemical system, which 
is reflected by the large number of papers and several re- 


views (1,3,4) on the subject. 


elie ground State of the mercury “atom, ~i0g(*5,), =nere= 
after denoted Simply as Hg, has a 6s2 electronic configura- 
tion which is converted to a 6s6p configuration by the ap= 
sorption of resonance radiation. Depending on the spin ori- 
entation of the two electrons, a singlet or a triplet term 
May result, (Fagure ).e,ihe singlet Level, Ho(tP,)7{Hg") , 
Which lies 154 kcal above the ground state, is populated by 
absouption Lofithe 1849A resonance Line. Absorption at 253748 
induces transition to the Hg(3P,) (Hg*) state which is one 
member of the triplet manifold that includes the Hg(3P,) and 
Hg (3P,) (Ho°Vsstatves. “Strong spin-orbit coupling Gives rise 
to large energy splitting between the three levels. The 
(°P5) state Mies i aokeal abovewandeaths (2h) level S kKcals 
below the Hg* state which is 112 kcal above the ground 


state. 


The spin-orbit interaction in heavy atoms such as 
mercury is described by j-j coupling. Accordingly, only the 
J gquantum number has physical significance and the proba- 
bility of radiative transitions is governed primarily by the 


Jd selection rules. Transitions which violate these rules, 
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FIGURE 1: Lower excited states of the mercury atom. 
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are forbidden and appear weakly in the mercury spectrum. The 
AS = © selection rule is relaxed to the extent that several 
intercombination\t lines; such as’the 25378 resonance line, 
appear with high intensity. Of the two resonance transitions 


at 1849R% and 253728, only the Hg! — Hg is fully allowed. 


Einstein's formula for radiative transition probability 
Shows that the greater the probability of absorption and 
emission the shorter the radiative lifetime of the upper 
State. For example, the Hg* —> Hg® transition, which is 
completely allowed, has a radiative lifetime of 1.31 x 10-9 
seconds (5), while the forbidden transition Hg9 — Hg has a 
natural lifetime of 2.0 seconds (6). The Hg* —> Hg tran- 
Sition, which is intermediate between a fully allowed and a 
ftuily fombiddent(<transitiong?has a lifetime of 1.747 x 10-7 


seconds (7). 


Absorption of radiation by an atom is governed by the 


Beer-Lambert law, 
in=4156%p (=€ 1c) 


where I, is the intensity of incident radiation, I is the 
intensity of the radiation after passing through a distance 
1 of the absorbing species, «€ is the extinction coefficient 
and. ¢ is the concentration of the absorber. Both of 


mercury's resonance transitions have high extinction coef- 
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ficients so that even at very low mercury concentrations or 
Shore athal lengths, » a: \compairatively hagh concentration, of 
excited atoms may be readily obtained. An experimental dif- 
ficulty resulting from this fact is the phenomenon of 
imprisonment, the repeated absorption and emission of pho- 
tons at the resonance wavelength before they escape from the 
cell. This has the effect of lengthening the apparent radi- 
ative lifetime and must be taken into account in kinetic 


Studies based on the lifetime of the excited ‘state. 


a i a es a i a Se ae Sa See a ae ee eee Oe ee Se ae ce 


A general mechanism for the relaxation of Hg* atoms in 


the presence of a substrate A is listed below: 


Hg + hv(2537%) > Hg* [1] 
Hg* —> Hg # hv (25278) a4 
gs tiie (igh) (es 
(HgA) = > Hor + A [-3] 
(HgA)* — Hg + A* (or products) etre 
(Eg hes got R [5] 
(Hos) 9 NG + Ay hv [6] 
Hig? + A > {HgA)° fetal 
(HgA)° —> Hg® + A [-7] 
(Hg A) => Ho #7 Ass (or products) [8] 


(Hah) O° => Hg, ek tohyvils po) 
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The principal modes by which Hg* and Hg® atoms are relaxed 
will depend on the nature of the substrate and the experi- 
mental conditions. The important features of each process 


are described below. 


(a) Imprisonment of Resonance Radiation. 


In the absence of a quencher, Hg* atoms relax almost 
exclusively via reaction (2]. However, the rate of this 
process is greatly influenced by imprisonment of the radi- 


ation. 


In theoretical treatments of imprisonment, the ratio of 
the imprisonment lifetime, tT, to the natural lifetime, T),, 
is expressed in terms of the opacity, kl, where k is the 
absorption coeftfrcient at the center of the 25378 line and 
is Sdirectly proportional to the Mercury “concentration. 
Certain idealizations of the cell geometry, namely the 
Hinfipice estan" vand. “intinite ‘cylinder! Sarees assumed te 
Minimize computational difficulties involving li The 
earliest study (8) treated the problem as a diffusion phe- 
nomenon. This was later modified by Samson (9) who used an 
equivalent opacity, kl, which allowed for the possibility 
that the frequency of the scattered radiation may be differ- 
ent from that of absorbed radiation due to Doppler broaden- 
ing. Holstein has derived a formula for the “Wantinite slab" 


and "infinite cylinder" (10) geometries, after consideration 
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of both Doppler and dispersion broadening, which agrees well 
with experiment (11) for mercury concentrations less than 
1¢26 atoms/cc. An expression for mercury concentrations 
greater than this has also been obtained (12). Holstein 
solved the Boltzmann-type integrodifferential transport 
equation by variational techniques while Biberman (13) 
solved the equation by numerical methods. Refinements of 
Holstein's calculations to include the effects of pressure 
broadening and the hyperfine structure of the 25372 line 
have reen reported by Walsh (14). Yang (15) has determined 
an empirical relationship to define the imprisonment “ig! low 


mercury concentrations. 


(b) Excimer Formation. 


The existence of an excited mercury~substrate complex 
as an intermediate in the quenching of Hg* and Hg® atoms 
(reactions [3] and (7]) has been inferred from the detection 
of bandsenission (reactions [6] and [9]) ain irradiated 
mixtures of mercury with several substrates. Complexes of an 
excited state species and its ground state are usually 
called excimers while those formed with a different ground 


state species are referred to as exciplexes. Both types are 


ro 


found in mercury sensitization. The 48504 and the 3350 
emission bands which appear in the spectra of mercury vapour 
Originate from the Ha, (7G) (Hg, **) and Nq,A(31,,) (Ha, *) 


excimers which correlate with a ground state mercury atom 
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and a Hg9® and Hg* atom respectively (16). Evidence for exci- 
plex formation in the interaction between an excited mercury 
atom and rare gas atoms (17,18), water (19,20) ammonia (20) 
and methane (21) has been reported in early studies. More 
recently, band emission has been observed in mixtures of Hg 
with several paraffins (22) and medium resolution spectra of 
Mercury exciplexes with CO, N3, H.0, NH3, SEezy cthanol, the 
rare gases, fluorinated methanes and paraffins have been 


described (23). 


Studies of the band emission from complexes of mercury 
and the noble gases (24,25), ammonia (26-30), water (31,32), 
alcohols (32732), “amines; (34,35) and other substrates (36) 
have produced useful kinetic and spectroscopic information. 
These investigations have provided ample evidence that re- 
laxation of Hg* and Hg® atoms involves the formation of an 
excited mercury-substrate complex as a precursor, at least 
for those substrates for which exciplex emission has been 


observed. 


(c) Quenching of Hg(3P,) Atoms. 


The formation of a Hg*-foreign gas complex, whether it 
exists for one or many vibrations, results in a decrease in 
the Hg* population which is evidenced by a decrease in the 
intensity of the 25372 fluorescence. A substrate gas is thus 


said to quench the resonance radiation. This phenomenon was 
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first noted by Wood (37) with hydrogen as the foreign gas, 
andowasndaterlassociatedgd2) wathtan “energyllitranstene® pros 


cess, i.ee. quenching, since hydrogen atoms were produced. 


In the gas phase, energy transfer occurs as a result of 
a bimolecular collision between the Hg* atom and the subs- 
trate, A. For this reason, the quenching rate constant, Kqe 
is usually compared to the gas kinetic collision frequency, 
Z, by the frelationshif 


Hg A 


Z = Kgl A) = 62 4 8nRt (al C10] 


MhgMa 
where Mug iS the atofic welght of mercury and Ma 1S the 
atomic (or molecular) weight of the substrate. 62, the 
quenching cross-section, expresses the relative efficiency 
of the quenching process with respect to the gas kinetic 
collision diameter and is independent of the relative 


Velocities of the colliding particles. 


Two techniques are commonly used to determine the 
quenching rate constant of reaction [3]. Only a general 
outline of the theory and procedures involved will be given 


here since these are well documented (1,3). 
(i) The Physical Method. 


Under conditions “of continuous irradiation, kq 1s 


obtained by measuring the difference in the fluorescence 
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intensity in the presence and absence of a substrate and at- 
EPLDUGInNgG S*this! Witference 18toy thelsconpetitione®*firom (tie 
quenching reaction. This can be illustrated by reference to 


a Simple Stern-Volmer mechanism: 


Hg + hv(25372) —- Hg* 
Hg* —> Hg + hv (253728) (eee PAs 


hg tA => Ho + products, kq 


A steady-state treatment of the above scheme offers the 


expression 
IffG quis Tk GCA] 


where I and I, represent the 2537 intensity measured in the 
presence and absence of quencher gas respectively. If ris 
known, Kg ie sobnhained fron the slopes or 1/1, vs. {A} plots. 
The quenching cross-section is then derived using equation 
{10]. If the more detailed scheme (see page 6) is consi- 


dered, Kg is replaced by 


(kos Kee WOU Re, +Okeeek, + koje = ko. 


This method accounts for the total quenching of Hg* irres- 


pective of the the number of channels by which they are de- 


activated. 


The early investigations using this technique were 
handicapped by the inability to accurately determine the 


extent of imprisonment and, therefore, the value of T. 
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Yarwocd, Strausz and Gunning (38) showed that their values 
for Hg* quenching obtained using Holstein's equation (10) 
were 23% higher than Zemansky's data (39) calculated on the 
basis of Samson's theory of equivalent opacity (9). They 
alee, (Showed that thelr data varied ‘by a factor of 1475, Efron 
Zemansky's original results (40) which were calculatéd using 


Milne's formula. 


The relative cross-sections withins a.) particular, set, 
however, are independent cf the imprisonment correction used 
Since the ratio of the slopes, S, obtained from Stern-Volmer 


plots for two quenchers 1 and 2 2s given by 


Sy okt ai | agate Beasts) | ie 


and .does. not contain T. An accurate comparison of the rela- 
tive values reported from the different laboratories can 


thus ke made. 


(ii) The Chemical Method. 


The details of this method, which utilizes the com- 
petitive quenching between N,0 and a substrate A, has been 
worked out by Cvetanovic (4) on the basis of the following 


mechanism: 


Hq*¥ + Nj,0 > Hg + Nz + O Kx,0 
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0.4" 0 + (gh * pH & OW + SH, 


ge) 


Hove+ =k => Hg “+ "products k 


Hg* + A —> Hg® + A, Kg 


The quantum yield of Nj in the complete quenching region is 


given Ly 


Ome el ni 2 OF] 


where a is the intercept and b is the slope to intercept 
Patio of ¢-1 vs [Aj/[ N50] plots. Relative quenching cross- 


sections are calculated from the expression 
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Gi “Te *lmpebecaent “that =ehere be no “Cther =souL ce OL=Ns 
Ocher than“the Hg*~+ NosO™recaction. “Yang ="( 4%) demonstrated 
that in studying the guenching of Hg* atoms by hydrogen, 


complications from the “reaction 


Noo + He => Ne + *GH 


must ke suppressed by the addition of a hydrogen atom sca- 


venger in order to obtain reproducible results. 


The discrepancy between the quenching cross-sections 
measured by the physical method and those obtained by Bellas 
and co-workers (42) using the chemical method for some 


alcohols, ethers and ethylmercaptan were attributed to the 
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participation of Hg® atoms in the production of N5 by the 


reaction 
HgY >t NSCs > Ho tN, + Os 


The chemical method may yield erroneous results since, 
in certain instances (43), the o2 values seem to be depen- 
dent on the light intensity. Table I compares quenching 
cross-sections determined by the physical and chemical meth- 


ods Eon a number “of Substrates, 


(iii) Feal Time Method. 


Cuenching cross-sections for Hg* atoms may also be 
obtained by measuring the relaxation of the 25372 fluores- 
cence intensity following cessation of excitation. Matland 
(44) measured the decay rate in the presence of nitrogen, 
1/T , and related this tc the decay rate in pure mercury 


vapour, 1/Ti, by the expression 


where (/Tq is the decay rate due to the quenching DY NltLe- 
gen. The quenching cross-section was then calculated using 
the equation 


Alger ee N Gq V 


where v is the average relative velocity and N is the 


concentration of quencher. 
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TABLE I 


Quenching Cross-Sections for HOSE) Atoms by the 


Physical and Chemical Methods (@), 


Saleen eel eentno dled eel eral endplate nsec eden ete eee reeeeeee d 


Compound 62, 2 (phys) 62, R2 (chem) 
(>) (38) (7) (42) (1) 
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TABLE J (con. vd) 


Quenching Cross-Sections for Hq(2P,) Avoms: by the 


Physical and Chemical Methods. 


Se a a a ee ee ee as aes ee ee ee eee oes eee oe ee _—— _— —_ a a a ea a SS 


Compound oh NC (phys) o2, k2 (chem) 
(45) (38) (1) (42) (1) 

C-C.t¢ Too Vac eects 
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CoD4 43 
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(CH3),S 67.5 
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(d) Production and Detection of “Hg (4P5) Atoms: 


The optical metastability of the %P, “state “restricts 
the direct production or detection of this level using the 
"forbidden" 26564 line. This state is more readily attained 


by collisional spin-orbit relaxation of Hg* atoms (reaction 


(5])- 


There is no particular physical or chemical property of 
a foreign gas which will allow prediction of the efficiency 
of this process. Bykhovskii and Nikitin (46) have carried 
out a quantum mechanical treatment of the quenching of $P, 
atoms by homonuclear diatomic molecules. They concluded that 
3P, atoms would be formed, accompanied by vibrational exci- 
tation of the quencher, when the electronic-vibrational 
terms of the (HgX5)* complex intersect, particularly when 


the energy discrepancy of the reaction 
BO e+ {ov C) => Hoge te 5 (v=) ear 


15 small. Vibrational excautataon of CO” (ves 9) (47) ">and NO 
(Viale?) (48) has been demonstrated in Hg* sensitization of 


these gases by observing the infrared emission. 


Metastable mercury atoms may also be produced in pure 
MercuLy Vapour. Quenching of Hg* atoms” to the *(4P,) level” by 
a ground state atom has a cross-section of 0.03-0.1 &2 (12). 


At SUrLACLIENtly hagh Mercury concentrations, the presence’ of 
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Hg® atoms can be inferred from the appearance of the broad 


emission bands (49) due to the mercury 2xcimers. 


Several methods, which involve observation of the fol- 
lowing quantities, have been used to detect and study the 


reactivity of Hg® atoms. 


(1) 40472 Absorption. 


Hits .eChmi que, which mMonivolrs the 7257 —e<— o>, tlanci— 
tion, was initially used to demonstrate the presence of Hg? 
atoms in HG=N, Maxtures (19,50). By this method, Pool (51) 
Showed that the quenching probably produced vibrationally 


excited nitrogen 
Hg + Ns —> Hg ° + NS (v= 1) .=9l. 6 Keal/nale, 


Penzes and co-workers (52) were able to detect meta- 
stable atoms in eight deuterated paraffins and light neo- 
pentane using this method. This study represented a major 
expansion of the number of compounds known to produce Hg9 
atoms. They suggested that the discrepancy between the 
quenching cross-sections measured by the physical and chemi- 
cal methods could be due to the presence of Hg® atoms in 


these systems. 


Qualitative studies employing this method have been 
carried out by several workers (50,53-55) on the assumption 
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tion. Horiguchi and Tsuchiya (56) have shown that this as- 
SUMPTION 1S not valid and* that the absorption intensity is a 
function ,of the catio of the spectral,half-widths.of the in- 


cident and absorption profiles. 


Flash photolysis techniques were used by Callear and 
Norrish (57) and later Callear and Williams (58) to generate 
Hg® atoms in the presence of 780 torr of nitrogen. The rate 
of removal of these atoms in nitrogen-foreign gas mixtures 
was studied by kinetic absorption spectroscopy at 40478 and 
29678. By using argon in the cell to pressure broaden the 
25074 absorption lane, metastable atoms Were detected upon 
addition of Nj, CO, H,0 and D2z0. They were not able to 
aetect Hg® atoms in NO, Ho, Oo, N20, Cy, Cogs Cag, Colas 
NH; or BF,. A severe drawback of their apparatus. was the low 
concentration of Hg* atoms (and consequently Hg® atoms) 
attainable with the conventional flash lamp. This problen 
was overcome by using a microwave pulse generator (59-61) or 
a flash lamp with a large number of closely spaced elec- 
trodes (62-64) which provide monochromatic excitation. With 
the multi-electrode flash lamp, (resonance flash lamp), most 
of the useful energy output is in the form of 25378 radi- 
ations (64). -Callcars= and!’ McGurk (63) snowed, that iN, A°L™, 
(N,*), is produced when "black body" and microwave pulsed 
excitation sources are used to irradiate Hg-nitrogen mix- 
tures which invalidated the earlier quantum yields of Hg? 


formation reported by Callear and Hedges (59). The quantun 
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yields of spin-orbit relaxation were remeasured using the 


multi-electrode flash lamp (62). 


Data on Hg® atom formation has been obtained by Vikis, 
Torrie and Le Roy (65,6€€) using a technique based on the 
Gdecomnprosiiion, .Olve CoH, » DY .Hg°o.. atoms and by, Horiguchia anc 
Tsuchiya (67) using 43582 and 4047% absorption techniques. 
The data on spin-orbit relaxation quantum yields reported by 


the various workers has been complied in Table II. 
(ii) 4C478%, 43582, and 54618 Emission. 


Absorption of 40472 radiation results im an increase in 
the Hg 7(3S,) populaticn. The intensity of the resulting 
emissions from this level at 40472, 43582 (73S, > 62 Py )-sand 
54618 (7357 > 63) s9 7 Opserved at mighteangies to the) exci- 
ting beam, have also been used to measure Hg® atom concen- 


Toate Lonse ss, 6G, 69). 
{iid) SesleCt1Ony Ol Electrons. 


The ability of Hg° atoms to eject. electrons from <a 
metal surface has been described (7C) and used by several 
workers to study metastable atom reactions (53,71-73). Dar- 
went and Hurturbise (71) noted an increase in the electric 
current from an nickel surface with CoH4, CoHe, Ng and Hg 
but Now with 05 or CO> an the cell. Scheer and Fine, using a 
Silver cathode, made a careful study of the quenching pro- 


cesses of Hg* by nitrogen and CO (72). They demonstrated 
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Quantum Yields for Spin-Orbit Relaxation 
of Hg(3P,) Atoms (3), 
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Compound Quantum Yield (6°) 
(62) (€6) (67) (26) (74) 
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CO Gees o.89 C278 
CO2 0.02 < Geos CeCe. 
NH3 C.62 eeneis GO. 70 
ND3 ahs Oke 1.00 
H20 Dae Spe 
D290 1 06 


cont'd 


i: ‘ 
ys “opteenmie 2 


can ore ; 


5 we} re 


- kee e ? 7 
oy 7 
> 


; - , i * : D 


(OE), = 408 
ones endee ne oh ——4 ie aoe 
2G de 
a 
aa 
yt | 
a ae 
‘ ony 7 a 
Bb agod 


22 


Table II (cont'd) 


CUemeum Yrelds Bor Spin-Orbit Relaxation of Ho (2P,)) Atoms, 


sess a a ease ease a eae eee eae aaa aaa a a a aaa a a ae a a eC 


Compound Quantum Yield (69) 
(62) (66) (67) (26) (74) 

Cue O15 G.43 

CoHe Do 0.64 

C3Hg G30 C215 

CH;zCD> CH; Cua 

(oPunys Ord7 

N=C2Ha5 Cet 

id Ors ie) g.C5 

C(CH3),4 O25 

e=Cai¢ O256 

C5H4 <0d0 
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that both gases were equally efficient at quenching to the 
oP ole vel and vautriputed carbon, meonoxide"s ~2ZU-fold. larger 
quenching cross-section to a greater ability to quench Hg* 
atoms directly to the ground state. This technique has been 
criticized by Calilear (75) on the grounds that the effect 15 
not specific to Hg® atoms and that any electronically exci- 
ted species having an energy greater than the work function 
of the metal can produce an electron upon impact. The obser- 
vation that Hg,* lons appear to be generated in mixtures of 
HOC, fig~ and N> (34) add further doubt to whe | accuracy = Of 


this method. 


(iv) 25372 Delayed Fluorescence. 


= 


the 5 kcal/mole energy required to promote a metastable 
atone tO he 2 ey teyel can be provided by ca collision with a 
hitrogen molecule. Thus, Hg* atoms will be produced from the 
Hg® level and yield a weak 25378 delayed fluorescence that 
Dereiests “fOr some” time aiter the exciting tight bas been 
shut cff. The intensity of the emission has been correlated 


With the Aa? concentration, (9,02, /4, 1/0) « 
(v) 26564 Intensity. 


The presence of Hg® atoms produced in irradiated Hg-N> 
mixtures has been demcnstrated by photographically recording 
an increase in the 2656 line intensity (77). Only a single 


study (54) has used this “method to obtain Kinetic data. 
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Eithough the SP —>i'S, transition 46). forbiddensyby \ optical 
selection rules, the weak intensity of the 2656& line can be 
explained by coupling of the nuclear and electronic spins. 
Mercury has 7 stable isotcpes two of which possess odd mass 
fumbers, 199 and 201, and have finite nuclear spin. Since 
the total angular momentum is different from zero, there is 
a small transition moment for these two isotopes. Thus only 
199Hg and 291g exhibit spontaneous emission at 26562 (78). 
Even “Mass isotopes in the #P, state may be relaxed by this 


route by first undergoing the energy exchange reaction 


HO even a HO odd aa ogee en Bg H9°oag 


Which occurs, readily (79). 


(eo) Pelexation sof Hg(sP,) Atoms by (Processes; Orher Than 


Quenching by Foreign Gases. 


The methods described above to detect Hg® atoms per- 
force reduce the population of this species. However, the 
amount of Hg9 removed by these various routes can, by selec- 
ting appropriate experimental conditions, be made very 
small. For instance, promotion to higher energy states by 
UO4U7KR or 29678 absorption may be eliminated by preventing 
radiation of these wavelengths from entering the reaction 
cell. No control can be exercized over the spontaneous 
emission of the 26564 line, but the long radiative lifetime 


of Hg® atoms makes this process insignificant and it is 
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usually omitted from reaction mechanisms which involve 


quenching of this level. 


The metastability of Hg® atoms allows the possibility 
of a first order deactivaticn process at the wall of the re- 


action vessel 
Hoes =nG (at the wait) 


The diffusion rate was studied by Kimbell and Le Roy (54) in 
a hitrogen filled, uniformly irradiated cylindrical reaction 


cell. The rate constant is given by 
k = 4DLN, /R2 


Where D is the diffusion coefficient, assumed to be equal to 
that measured by Spier (80) for Hg atoms, and R is the 
radius of the cell. The rate of diffusion is inversely pro- 
porticnal to the concentration of a foreign gas an’ the re- 
action vessel. Therefore, by making the cell radius large or 
by increasing the gas pressure, the rate of removal of Hg? 


atoms by diffusion can be made negligibly slow. 
(£) Quenching of Hg(3P,) Atoms by Foreign Gases. 


In recent years, several workers have studied the 
quenching of Hg9° atoms by foreign gases uSing various tech- 
niques. Quenching rates were obtained by Callear and McGurk 
using the delayed fluorescence method (62,63). These workers 


employed a multi-electroded flash lamp to avoid the inter- 
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ference from N,* molecules that invalidated earlier measure- 
ments (57,58) obtained with conventional flash sources. Ab- 
sorption at 40472 (55) and emission at 33508 and 4850R (81) 
have been related to the quenching by a foreign gas in Hg-N2 
mixtures. Quenching Sras-ceotion: have been obtained (67) 
from measurements of 4947% absorption in in mixtures of Hg 
and the substrate only. Vikis and Moser (73) have employed 
the ethylene decomposition technique as well as electron 
emissicn from a Silver metal to measure Hg® quenching. Upper 
limits for. quenching cross-sections have been reported by 
Phillips and co-workers (36) from phase shift measurements. 
The results of these studies are listed in Table III. It can 
be seen that although there is good agreement between the 
relative quenching rates, the absolute values may differ by 


two orders of magnitude. 
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From a comparison of cross-sections for the quenching 
of Hg* atoms by different gases, it was soon recognized that 
the excited mercury atom displayed a marked selectivity in 
the energy transfer process. A framework for the understan- 
ding of the interactions between an excited mercury atom and 
a quencher gas has been based on consideration of Hg* atoms 


as both an energy carrier and a chemically active species. 
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Compound (69) 2, Rz2 
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Rousseau and co-workers (82) have shown that the Hg* atom 
behaves as an electrophilic reagent in which the transfer of 
energy occurs through a (Hg-substrate) * complex of specific 
configuration. On the basis of their results, they proposed 


the fcllowing primary interaction modes: 


Hg* 

i 
R,C=CR2 olefins 
HsN:—->Hg* NH3, PHz, ASH3 and their alkyl derivatives 
is Os hgs H2O, H2S and their alkyl derivatives 
R-X>—>Ho* for alkyl halides (except fluorides) 
1M ay 
di em 
b= LOL speratiinic hydrocarbons, sand 

Hg* 

7 
R,C=0 for carbonyl compounds. 


Tivse high eespecgiacityStcrm the point of vattackaby “Hor atoms 
together with the large number of mercury sénsitization 
studies in the literature make it desirable to discuss the 


VabvoOUuSs interactions according toe the class of quencher. 


(a)_ Ground State wMercuzy Avons. 


fants 
fi 


An ee f | 
ne an | rie [o— +. 
a7 mtechuny = | 
a oid sidebniile sda 
saceeen ie | sets Le - o 5 ‘i iam iad 4 


» Pes a) » >¥ ‘ 
2a ¥ vi ware © 
7 ‘ 7 : 


re 


ae 


| bdo 
asviysvbzen [ysis abode bas ghaA eS yy itll 
asvdreviteh Lyvie tad? bab 238 ,0.k ApH eOg | 


festiogl? tysame) eeEtsd 1ytis 20% phe <n 


a 
a 
a 


; *on 7 
: p ia 
bits ,enodsanormbyd siatitsersq tod atl 
. : eat : 
ehnvoqman lynodrs> 102 te : - 

} 7 

; — i 
ayots “of yd Apstts Jo Fakoq silt zed yYTtoriiosqe pid eid? 7 
aotrssisiansa yieoms: to asdae eprsi ofy driw redtepos bi 
sit esuneib ov sldettesh tf stem s1itaiesti add at setbhave i> 
“sons "evp 20 2a6K> At OF pathiorss anotsosrstnt aHotrey - 
: — , 
; : a ye ' 
saa sR YsHOIEM orat2 baoor (sy) 
6 tid ps : aa haha 7 Ait - 


Two broad emission bands centered at 48502 and 33508 
appear in the spectrum of mercury vapour at high concentra- 
tion when illuminated by 25378 radiation. Fine structure on 
the lceng wavelength tail of the 48508 band has recently been 
detected (83). These bands were shown to be linked to the 
presence of Hg® atoms in the system (84). MrOZOWSKY (16) das= 
signed these bands to A(207) >) X(*y*)eand "AK 41) => ety) 
transitions from excited diatomic mercury molecules to the 
unstable ground state Hg, molecule. The A(305) and A(31,,) 
States collapse into a common (3y+) state at short inter- 
nuclear distances. This allows Spin=-orbit relaxation Of “Hg 
atoms to the 3P, level and a much greater probability for 
radiative relaxation by the (Hg®°Hg) complex at short inter- 
nuclear distances. McCoubrey (85), on the other hand, sug- 
desred that both bands drase from the A(2G5) state, the 
3350A band by spontaneous emission and the 48502 band by a 
pressure induced radiative transition. He demonstrated third 
order kinetics for the formation of the excited diatomic 


molecule by the reaction 
HO? + -2hg => Hg [* + ag 


as well as a pressure dependence of the relative intensity 


of the two bands. 


Ladd and co-workers (86) employed phase shift tech- 
niques to show that the 48502 band arose from a pressure in- 


duced transition from the A(305) excimer and that the 33568 
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band resulted from a spontaneous transition from the a1) 


excimer. 


(b) Nitrogen. 


The quenching of Hg* atoms by nitrogen has attracted 
interest for several decades, partly because no decompo- 
Sition of the nitrogen can occur and also because of the 
early cbservations that metastable atoms are formed in large 
quantities in the presence of this substrate (87). Recent 
work has shown the quantum yield for spin-orbit relaxation 


is almost unity (56,74). 


Samson (9) has shown that slow collisional reactivation 


of the metastable atoms back to the Hg* level, 
HGge ys Ns 2 HGs + No, 


which results in 25378 delayed fluorescence, is an important 
process removing Hg® atoms in this system. The rate was 
found to increase rapidly with temperature, as expected for 
an endothermic reaction. Quenching to the ground state from 
either of the upper levels was found to be negligible, 
although accurate absolute od2 values were not obtained 
because of the uncertainty in the imprisonment correction. 
Since a large population of Hg® atoms can be produced in the 
Hg-N> system, almost all of the studies concerned with the 


reactivity of Hg® atoms have been carried out with Hg-No gas 
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Matland (44) observed a two-fold increase in the 
quenching cross-section of Hg* atoms as the temperature was 
increased from 52 to 252°C and postulated that only col- 
lisions having kinetic energies greater than 1.6 kcal/mole 
could result in quenching, since this is required to promote 
the nitrogen into its first vibrational level. The tempera- 


ture dependence was described by the equation 


where oO,2 = 1.7 R2 and represents the quenching cross- 
Section for molecules colliding with energy great-. 
er than 1.6 kcal/mole and 
f£ = (1 + E/kT)exp(-E/kT) and represents the frac- 
tion of molecules possessing an energy greater 
than the threshold energy, E. k is Boltzmann's 


constant and T is the absolute temperature. 


Berberet and Clark (53) made a detailed study of this 
system using various techniques and showed that Hg°® atoms 
decayed by a third order process involving a mercury exci- 


MeL, 
Hoo i Horie se ehgqy< aN. 


analogous to that postulated by McCoubrey in pure mercury 


vapour. 
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Callear and Williams (58) on the other hand, concluded 
from their experiments using flash techniques that deacti- 
vation of Hg® atoms proceeded according to the second order 


reactions 


Hg® + N, —> Hg + No 


oa 
| 


8.7 x 107 cc mole~!sec—! 


Hg°® Hg =3 2 ig k 3.4 x 1013 cc mole~!tsec—!, 


However, the effect ~of N2* molecules arising from “double 
pumping" was not realized at the time of this investigation 
and the kinetics are undoubtedly more complicated than these 


workers assumed. 


Using the technique of “OSTA absorption (88) and 
measurements on the 33508 and 48508 band intensities (89), 
Le Roy and co-workers found that the metastable atoms were 
removed by a third order process involving Hg®, Hg and No2. 
They proposed a mechanism comprised of a series of second 
order reactions in order to reconcile their low pressure 
data with the results of Callear and Williams, which were 


obtained at high pressures. 


Fenzes and co-workers (90) measured the 33508 and 48508 
emission intensity to determine a third order rate constant 
of 1.1 x 1018 cc2moles-2sec-1 for the removal of Hg°® atoms. 
From the effect of foreign gases on the ratio of the band 
intensities in irradiated Hg-nitrogen mixtures, they showed 


that two emitting excited states must be incorporated into 


i 5) 7 - 


S i) ay <0 a : 
t-aea0*efbm 33 hiak x f.8: ve on a ee 
pees elon 25 eto x B.E “+ of c = pk + pH Ay 

; ld - e 


eidyob” wort vitel xe eoinviotan yi to sostte wih + Veabvlanelt si 
aotispitsevc?® eidt 20 omit eds ts hestiss1 you esw a iilahat 
saeda tedt hotsoliqwod saem yRbsydeofny ets anitonta ed? ‘Bas 


2 ; -beavees stotIow ae 


bon (88) aobsqtends ACOUR Fo stpiadoar siz ‘pniew 
~(@8) astifadetat nad forse fas ores 642 no 2tnoms10259m 
siev 2not9 sidsiastan az 28% benot etedzow-o> bas yor sd 
os¥ tap ph ,°OR paty towns g8en0 49 aehto Satds 8 ia b2vomez 
basose to asizax. $26. heats una eer ns 8 beechond id 
eiwecsiq Wol tisdt sf inness1 ot 14bxe at enolrose7 18670 _ 
emew daptdv ,zmsli hid bas iwatie 26 a4ibass oft seEW stab 

' - sababaneng dott te betlkesaa) | 


7 ns 


Ro2se bas lozee sar Bervesem | (0) ee datas bas nesael 
gusyegon ster isbao bardd 6 setwzoteah oc ysttensiat noimatas os 
sandts Cpl to Lavoie elt adt #eae2%-aeLon seo argr x t.f 30 
baad eds to OLtKT 3 ; agteaed Io Seats 962 oat aoa 
bewoue pods abhi a lon Bavadbexa? a ak “anh t 


otnl ‘batetoqroont | ae ge fare pats’ 


33 


the reaction mechanism: 
eee at Nera? Neo ( ale) ae teens 
Hg,* —> 2Hg + hv (335028) 
HOe~ ea No > ige** (307) + Ne 
Hg2** —> 2Hg + hv (48508). 


A more détailed investigation of the two emission band in- 
tensities (81) showed that both of the excited Hg, molecules 
can be collisionally quenched by nitrogen and other foreign 
gases. A quenching rate constant of 3 x 10!2 cc mole~tsec~!t 
Was obtained sfon pthe guquenching - of ) the ,A(714)) State. and 
whe wotsicc mole7tsecs aefoti.n the nA (305): iexcd mee iby ena trogen 


molecules. 


Campbell and co-workers (55) redetermined the third 
order rate constant for the disappearance of Hg® atoms to be 
(3.8 to 5.8) x 1018 cc2mole-2sec-! using 40472 absorption. 
Since absorption of this line does not obey the Beer-Lambert 
law (56), somewhat more weight should be placed on the 


earlier value (90). 


(c)saPataftfins. 


Several features characterize the interaction of trip- 
let mercury with paraffins. The quenching cross-sections are 


smaller than the gas kinetic collision cross-sections, 
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particularly? for” etheefirstefewrnembers-ofethe Servest (1). 
Darwent (91) showed that the quenching diameter for Hg* 
atoms, 6 , 1S approximately a linear function of the carbon 
number within a homologous series, with methyl, methylene 
and methine groups contributing (.15-0.30, 1.0 and 1.3 2 to 
the total quenching diameter, respectively. Rousseau and co- 
workers (82) pointed out the relationship between the speci- 
fic increments and the electron donating power of these 
groups and suggested interaction of the electrophilic Hg* 


avon Owith° the C-Hh- bonds 


Evidence for direct interaction with specific H atoms 
in the paraffin was presented by Gunning and co-workers 
(82,92-94) from Hg* quenching cross-sections obtained by the 
chemical method for various light and deuterated alkanes. 
Latge Ky/k, jvalues found for secondary and tertiary .C-H 
bonds were interpreted as primary isotope effects and the 
much lower k,/kp values found for H20, NH3z, PHz and C2Hy 


were attributed to secondary isotope effects. 


Decomposition of paraffins is exclusively via C-H bond 
cleavage (95). If the alkane possesses more than one type of 
C=H =» pond, |) i.e. 1°, 2° of 3°, products. arisang tron ald tie 
possible C-H bond ruptures are formed (95,96). Using 
ethylene-C1%* as a hydrogen radical trap and internal scaven- 
ger. for alkyl padicals to study the product distribution ian 


Hg* sensitization of propane, Holroyd and Klein (97) and 


~inega okt asevesd eee Ae tuo Bosniog (88) ree: . 
exedz %o tsvwog  pabtacob. mesepnts edt bn6 ainemerzat = 
pH os fidgoatosls, ent to sobyostednt besesopye ine eqvozp 


oS 


Sood H-9 odt dtiw mots 


| a 
eudyn HW -oidtooye Abdw mod mezezMt fedath TOP souebive  —) | 
sieirow-o> bes pritawa yd Betneeetq 26v attisweq ode at : 
ait yd bertstio anoidesa-ceag> patdorsup *ph gor? (ue-2e y58) 
-2eusaias hareredueb bus avril auvtisv 2z0% bodies Ispbeeds a 
Hr? yrsiives bas yrsbaooee cade fhavot sagisv qA\ya spisi 7 
edt bas atoettos aquicet yiewiae aa befetaqissinl siew abaod 7 
gig Bas gh2 ycih aye ro? §a0t agninv aA \y" zowal dope _ 
| -Bi0etie sdotez: yrebaeoee oF bstudiiste ezew 


baod H=o SEW ylowbariéxe et eattearsq Yo sot lzeqaosed 
to eqyt sno ned? stow soeeseeog sandals sax 21 . (FC) epsvsels 4 
sit fin wor? patedao esugboag .86 to SS °F sont yhnod. “Bed 
parey , (00,2) BSemxol ‘ests eemsqus booed H-7 oldieaog 
-nevera lenisont baa gina dsobha: aspothyd 6 4B oreastydae « 


at dottudiate tb souhony ode yours « of afeothen vate 202 st 3 
bax (fe) nketa bi “call n 0% ry 7 | 


Chesick (98) determined the primary i-propyl to n-propyl 
radical yield ratio to be approximately 1:9. Jakubowski and 
co-workers (99) also studied the primary product yield in 
the reaction of Hg* with propane and deuterated propanes 
using methyl radicals, produced from the decomposition of 
dimethylmercury, as a radical trap and a mass spectrometer 
to analyze the resulting addition products. The value 
Optained Or 7 the. i-propyl. to. n-propyl) Latio ton etilgh. 
propane waS virtually identical to the earlier result of 
HOLLOyd “and Klein. In addition, the radical) ratios of >30.0, 
0.6 and 7.0 were determined for CD3CHaCD3, CH;CDsCH; and 
CD3CD,CD3, respectively. The data obtained in the quenching 
and primary decomposition yield studies clearly indicate 
that the primary yields of the various possible alkyl radi- 
cals are in the ratio of the quenching efficiencies of the 
respective C-H bonds in the molecule, in decreasing order 
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Band emission for several light and deuterated alkanes 
has been reported by Penzes and co-workers (22) who conclu- 
Sively demonstrated the existence of an excited mercury- 
substrate complex in the primary quenching act by paraffins. 
The band intensity was in the reverse order of the decom- 
POSITION Guantum yields, i.e. CH4 > CaH, > Cale. AN Upper 
limit of 10-9 seconds was estimated for the emission 
lifetime of the complex, based on the observation that no 


deactivation waS apparent up to 500 torr of propane. More 
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recently, the band emission, which is in the vicinity of the 
25372 line, has been photographed for several alkanes (23) 
and attributed to van der Waals molecules formed between Hg* 


atoms and the substrate. 


The intermediacy of Hg atoms in the quenching reac- 
tions of Hg* atoms by several light and deuterated alkanes 
was demonstrated by Penzes and co-workers (52). The measure- 
ments of the quantum yields for this process (63,66) have 
emphasized the importance of this mode of relaxation in all 


of the alkanes which were investigated. 


Relatively few papers dealing with the effect of tem- 
perature on the triplet mercury sensitization of paraffins 
are found in the literature. Back and van der Auwera (100) 
noted that the quantum yield Lor decomposition -Of CHA a n— 
creased as the temperature was increased. From a study of 
Hg* and ammonia and ammonia-propane mixtures, Takamuku and 


Back (101) concluded that the rates of the reactions 
Nig t (ho= "or Hg?)  —2 ig * NEO Aen 
(Ug Ri) Feet oe te tg 
Hg®9 + RH > Hg + R + H 

could increase with an increase in temperature. 


A detailed temperature study of Hg* (102) and Hg® (103) 


reactions with propane has recently been carried out. It was 
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Shown that both of the excited mercury atoms decompose the 
substrate by C-H bond cleavage and the quantum yield of 
decomposition by Hg* atoms decreases, while that for Hg® 
atoms increases with an increase in temperature. Vikis and 
co-workers demonstrated that HgH is produced along with an 
alkyl radical in the Hg® sensitization of this system (104). 
The n-propyl to i-propyl ratio was also temperature depen- 
dent for the Hg* and Hg® initiated reactions. Although the 
quantum yields vary with temperature, the quenching cross- 
sections measured by the chemical method for Hg* atoms by 
CzHg and CH;CD2CH, are invariant (105) over the temperature 


Eange of,30_to 150°C. 


Several theories have been advanced to account for the 
experimental results as they were being accumulated. Rous- 
seau, Strausz and Gunning (82) used absolute reaction rate 
theory (106) to calculate guenching cross-sections for conm- 
parison with their experimentally observed 62 values of 
light and deuterated alkanes (42,82). They assumed a linear 
transition complex, CeeeHeeeHg*, in the rate determining 
step. Good agreement was found when the differences in the 
stretching and bending frequencies between the C-H and C-D 


bonds were taken into account. ° 


Yang (105) criticized thic theory on the basis “that =a 
ditference. in, energy, AE, originating from) the, zero-point 


energies of the C-H and C-D bonds would contribute a factor 
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exp (AE/RT) to the ku/Kp Tatio which he did not observe for 
the C3;Hg and CH,CD,CH; pair. He proposed a quenching 
mechanism which assumed that the excited mercury aton, 
characterized by its total angular momentum quantum number 
J, and the paraffin, which was approximated as a diatom, 
formed a complex with Cys symmetry. The quenching efficiency 
was then assumed to be maximum if the same symmetry of the 
complex could be attained from the reactant or product side 
of the quenching reaction. The products were taken to be HgH 
and R. This model predicts that quenching of Hg® atoms to 
the Ground state is*°alicwed if R has p character but not “2£ 
R is in an s staté. Quenching of Hg* atoms is allowed, 
Eedargiess of the State wot RR. | According to. this model, 
quenching of Hg9® atoms by hydrogen should be very inef- 


ficient which is not the case (62,63). 


te, explain band emission and the temperature 
independence of the isotope effect, the planar complex was 
viewed (105) as being weakly bound, depending on the polari- 
zabilities of the excited mercury atom and the paraffin. The 
rate of decomposition depends on the bond strength of the 
bond keing broken. This model, however, does not explain the 
isotope effect or the formation of Hg® atoms in the propane 


reaction. 


The quenching of Hg", Hg* and Hg® atoms by alkanes was 


investigated by Vikis and Moser (107). They assumed that a 
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relatively long lived (HgHR)* complex was formed which de- 
composed primarily by R-HHg bond rupture in a unimolecular 
process, the rate of which they calculated by the RRKM 
theory. The energy content of the complex was dependent on 
the excitation energy of the mercury atom (Hg', Hg* or Hg®) 
which were all made to pass through an identical Hg+ H- R 
ionic surface prior to crossover to potential surfaces 
leading to products. This theory predicts reasonably well 
the various trends in the quenching of Hg* and Hg9® atoms, 
the isotope effect and the relative quenching of Hg*, Hg* 


and Hg° atoms by 19, 2° and 3° C=H bonds. 


The assumption that both Hg*HR and Hg®HR complexes pass 
over the same ionic surface along the reaction path is 
incompatible with Campbell's results (23) on quenching of 
Hg* and Hg° atoms by propane. Furthermore, the arbitrary 
selection of the crossover points, the minimum in the ionic 
potential surface and the vibrational force constants that 
were necessary in order to apply the RRKM theory, detract 


from the credibility of the results. 


A unified mechanistic model which accounts for all the 
known experimental observations in the triplet mercury- 
paraffin system has been proposed by Gunning and co-workers 
(108). These authors view the quenching process to be initi- 
ated by the formaticn of an Hg*HR or Hg9HR complex. The 


intersection of these two potential surfaces allowed for 
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Spin-crbit relaxation while crossover from each of these two 
surfaces to potential curves which correlate with product 
formation was believed to account for the independent 
behaviour of Hg* or Hg° towards an alkane substrate. The 
decomposition of the alkane was viewed as a@ Simple hydrogen 
atom abstraction by the excited mercury atom which possesses 
an activation energy compatible with the strength of the C-H 
bond involved. Application of the semi-empirical bond-ener- 
gy-bond-order method (109), with appropriate modification, 


correctly predicted the trend in the experimental rate data. 


(d) Hydrogen. 


Yang and co-workers (105,110) noted that quenching of 
Hg* atoms by hydrogen is some 3.3 x 103 times faster than 
for Hg® atoms and this was explained by the same symmetry 
arguments used to describe the Hg-RH system. They calculated 
the quantum yield of formation of H, HgH and undissociated 
Ha pet Ow be, 026,20. 16.and 0.58, nespectively by phase space 
theory (111). However, the quantum yield of hydrogen decon- 
position. was. .later,found.to be unity (112) .which indicates 


an inadeguacy in this approach. 


Callear and co-workers (60,61,64,113) observed a large 
yield “ort  HgH Gn “the (quenching ot <Hg* and Hg°® atoms by 
hydrogen but not with hydrocarbons (except CoHs). From the 


yields of HgH and HgD in flashed mixtures of mercury and HD 
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(61,64), it was proposed that the quenching proceeds by the 
insertion of the excited mercury into the H-H bond to give 
an electronically excited (H-Hg-H)* species which predis- 
sociates to a second electronically excited complex which 


decomposes to HgH and H in their ground states. 


(¢) Unsaturated Hydrocarbons. 


The olefins are very efficient quenchers of Hg* and Hg° 
atoms as compared to their alkane counterparts. Le Roy and 
Steacie (114) proposed that the primary act in the case of 
ethylene, and for olefins in general (115), is triplet ener- 
Gy transfer to produce a relatively loftig dived, vibrda- 
tionally excited triplet state of the olefin and a ground 


state mercury atom. 


The quenching of Hg* atoms by protiated and deuterated 
aromatics has been suggested (116,117) to proceed by exci- 
plex formation, followed by intersystem crossing to a com- 
plex which correlates with, and dissociates to, Hg and an 
electronically excited triplet state of the aromatic molec- 
ule. The intersystem crossing step seems to be enhanced 
whenever deuterium atoms are substituted in adjacent posi- 


tions on the benzene ring. 


(£) Nitrogen-Containing Compounds. 
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(i) Ammonia. 


The interaction of excited mercury atoms is with the 
nonbonding electrons in the NH; molecule (82). Like methane, 
the mercury sensitized decomposition of ammonia has a low 
quantum yield (118,119) which increases with an increase in 


temperature (101). 


Phillips and co-workers (26-29) have studied the kine- 
tics of the band emission from excited mercury and NH; or 
ND; complexes as a function of substrate, third body and Hg 
concentrations, using rotating sector and phase shift 
methods. These workers found (26,27) that Hg* atoms are 
rapidly relaxed to the 3P, level with quantum yields of 0.7 
and 1.0 for NH; and ND;, respectively. The rate determining 
step in the quenching of metastable atoms was the formation 


of a complex between Hg® atoms and the substrate 
Hg°O@#. NHS =P t(HgGNHS) © 


and this exciplex has a high probability for radiative re- 


Taxation, 
(HgNH,)° — Hg + NHs + hv, 


resulting in a continuous emission band centered at 34604 


for NHz and 35008 for ND3. 


Callear and co-workers studied the mercury-ammonia sys- 


tem with the resonance flash apparatus (30,62). In addition 
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to the bimolecular relaxation of Hg® by complex formation, a 
third order process was observed in the quenching of meta- 


stable atoms 


Hg®9 + NHs + M —> (HgNH;)° + M 


The kinetics could be broken down into the elementary reac- 


tions (30) 
Hgo 6eNHs t=> (HgNHs)o* { 2a] 
(HgNH,)°" -—> Hg® + NH, [ 2b] 
(HgGNH,)°" —> Hg + NH; + hv [ezc'} 
(HgNH;)°' + M —> (HgNH5)° + M { 3a] 


where (HgNH;)°" represents a nascent and (HgNH;)9® a vi- 
brationally stabilized complex. Third order rate constants 
were obtained for M = Nz, NHz and ND3. Large differences in 
the measured values between NH, and ND3 were attributed to a 
dependence of the emission rates of (HgNHz)° and (HgND;)° on 


the internal energy of these complexes. 


Phillips and co-workers (29) observed that at high NH, 
pressures the decay constant of the band luminescence 
reached a limiting value which they identified with the 
radiative lifetime of the (HgNH3;)9 complex. Improved rate 
constants for the bimolecular and termolecular modes of Hg9 


relaxation were obtained by allowing for the finite emission 
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lifetime. A value of 5.0 kcalymole was derived for the 
dissociation energy of the stabilized mercury-ammcnia 
complex (28) from measurements of the difference in the peak 
wavelength of the emission band at high and low ammonia 


pressure. 


Further investigation of the wavelength distribution as 
a function of NH; pressures up to 10 atmospheres with the 
resonance flash led cCallear and Connor (120) to postulate 
that gS could attach clusters of NH, molectles, to form 
(Hg(NH3),)° complexes with n up to at least 5. Emission 
profiles of the compléxes were determined for n = 1-4 and 
the dissociation constants for complexes with n = 2-4 were 
calculated. Evidence for the quenching of the stabilized 


complexes by ground state mercury atoms, 


(HONE) oo no > sigs Nie 


was also obtained. 
{i1i) Aliphatic Amines. 


Aliphatic amines were found to undergo sensitized reac- 
tions essentially identical to those of ammonia (34,35). The 
lower efficiency of Hg® atom formation by ammines as com- 
pared to ammonia suggests that Hg* atoms play a more Signi- 
ficant role in these systems, particularly for methylamine. 


Rate constants for bimolecular and termolecular reactions 
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with Hg® atoms, the lifetimes of complexes with metastable 
atoms and lower limits for dissociation energies of these 
complexes were obtained (34). The main process competing 


with luminescence was found to be a-hydrogen abstraction 


(g) Oxygen-Containing Compounds. 
(i) Water. 


Mercury sensitized H,0 reactions closely parallel those 
of NH;z. Both substrates exhibit band emission (23) and a low 
quantum yield of decomposition at room temperature, less 


than €.C2 at 45°C for water (121). 


A study by Phillips and co-workers (31) of the band 
emission in _Hj0 and D,0 sensitization showed that rapid 
Spin-crbit relaxation of Hg* atoms was followed by ae rate 
determining bimolecular reaction between the substrate and 
Hg® atom to form an exciplex. The quantum yield of lumines- 
cence was 0.19 and 0.49 for H20 and D20, respectively. Ina 
later publication (33) these workers obtained rate constants 
for the relaxation of Hg® atoms by bimolecular and termolec- 
ular reactions with the phase shift technique. The third or- 
der rate constants were somewhat uncertain due to the pres- 


ence cf 10 ppm of O2 in the nitrogen used as a third body. 


(ii) Alcohols. 
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The mercury sensitized decomposition of alcohols has 
been studied by Knight and Gunning (122-124). The products 
of the reactions could be explained by an O-H bond split by 


an Hg* atom in the primary step 
Hg* + RCH,OH —> Hg + RCHZ0 + H 


followed by a rapid abstraction of the oa-hydrogen on the 


substrate by an alkoxy radical 
RCHZO0 + RCH>O —> RCHOH + RCH DO 


in a secondary reaction. Kato and Cvetanovic (125), however, 
Suggested that the primary step could be abstraction of an 
a-hydrogen instead of O-H bond scission, a process which is 


more favored energetically. 


The results of the alcohol sensitization experiments 
were interpreted entirely in terms of interaction with Hg* 
atoms. For methanol and ethanol, the o@ values measured by 
the physical method are 13.4 (45) and 32 R2 (38), respec- 
LEeveLy, dn contrast. 10 (2.3. and 5.4 K2 measured by Bellas and 
co-workers (42) using the chemical method. These authors 
suggested the involvement of metastable atoms as an explana- 
tion for the large differences in the values measured by the 


two techniques. 


Recent studies of Hg-alcohol systems (32,33) have dem- 


onstrated the existence of comparatively weak band emission 
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which was similar to the (HgNH,;)° and (HgH20)9® emission 
spectra and therefore attributed to radiative decay of an 
Hg® + alcohol exciplex. From the variation of luminescence 
intensity with the structure of the various alcohols it was 
concluded that the main process competing with emission is 
abstraction of an o-hydrogen by metastable atoms formed 
during the quenching of Hg* (32). Phillips and co-workers 
(33) obtained evidence for the quenching of Hg® atoms by 


bimolecular and termolecular reactions 
Hg? + ROW => products 
HoOoy+ 7 ROR + => products 


where M = ROH or N> and derived rate constants for these 
processes for a few alcchols. It appeared that No was very 


inefficient as a chaperone for the termolecular reaction. 


The available data on Hg® quenching rate constants in 
the literature for NH;, H20, and alcohols are summarized in 


Table IV. 


(12) Se oiers. 


The primary step in the mercury photosensitization of 
Saturated ethers at room temperature and moderate pressures 
1s exclusively C=-H bond, scission (126-129). The. kinetics 


were based on the major process being 
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Rate Constants for Reactions of Ammonia, 


TABLE IV 


Water 


and Alcohols With Hg(3P,) Atoms. 
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Hg* + RCH,OR —> Hg + RCHOR + H 


despite the implication that Hg® atoms were present in this 
System (42). Phillips and co-workers (32) were not able to 
detect band emission in the sensitization of diethylether, 
which may be indicative of a basic difference in quenching 


mechanism between alcohols and ethers. 


(h) Rare Gases. 


The interaction of excited mercury atoms with the rare 
gases has been of considerable interest for several decades 
Since the quenching mechanism is confined to photophysical 
processes. Oldenberg (17) observed band fluorescence on both 
Sides of the 25378 line in irradiated mixtures of mercury 
and the rare gases and these were attributed (18) to transi- 
tions from loosely bound complexes of Hg* and the substrate 
gas. These bands have often been referred to as _ satellite 
bands. Preston (131) noted band emission associated with 13 
mercury lines from a mercury lamp containing helium or Ar. 
Recently, the Hg-Xe satellite, which appeared as a broad 
structureless band extending from the 25374 line to about 
3000K with a maximum at 27508, has been recorded by Phillips 
and co-workers (25). They attributed the emission to a 
Hg°-Xe complex, although previous attempts to detect Hg9 
atoms in this system had failed (45). Quenching rate con- 


stants for Hg® by Xe and Hg were obtained from kinetic 
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studies by measuring the phase shift between the incident 
and band emission radiation using the rotating sector meth- 
od. Campbell (23) obtained medium resolution spectra of the 
noble gas-mercury systems. Helium and neon displayed only 
asymmetrical broadening cn both sides of the resonance line 
while Ar and Xe showed at least two, and krypton three, blue 
satellites. Ar and Kr exhibited faint fine structure near 
the resonance line which was superimposed on the continuum 
that extended to longer wavelengths. In the case of Xe, fine 
structure was observed throughout the broad continuum which 
displayed a maximum at approximately 26508. The emission was 


assigned to a Hg* + Xe complex. 


Several proposals have been advanced to explain the 
origin of these bands. It has been suggested that band emis- 
sion is due to transitions between vibrational (23,132-134) 
Orevikretiaonal=rotationadylevels~(135,136) ©of (Hg*=s=rare gas) 
van der Waals molecules and their ground state molecules. 
Jefimenko (137) used semi-empirical calculations to demon- 
Strate the existence of auxiliary maxima and minima in the 
upper state potential curves. Satellite bands were attribu- 
ted to radiative transitions from these regions of the po- 
tential curves. An adaptation of the quasistatic theory of 
pressure broadening of atomic lines has been used (138,139) 
to predict the features of red satellites. Breene (140) has 
suggested that band emission is due to a process that is the 


precise analogue of predissociation of stable molecules. 
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Cunningham and Olsen (141) obtained quenching cross- 
sections by measuring the depolarization of 25378 radiation. 
Gunning and co-workers (24) measured band emission inten- 
Sities to obtain do2 values which were in fair agreement with 
the earlier results. They also showed that quenching occurs 
entirely by radiative relaxation of the excited mercury- 
noble gas complex and that the curve crossing mechanism pro- 


posed earlier by Jablonski (142) is of little importance. 


4. Aims of the Present Research. 
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It can be seen from the preceding discussion that 
although the general quenching mechanism in several mercury 
sensitized systems has been well established some aspects 
remain obscure. The role of Hg®° and Hg* atoms in the sensi- 
tization of several compounds remains undefined and, in some 
areas, conflicting data has slowed the development of a 
clear understanding of the various phenomena. The effect of 
temperature on the quenching process has received little 
attention, despite the potentially useful information that 


may be gained. 


The aim of the present work is 
(i) to study the various relaxation processes involved 
in the Hg* sensitization of nitrogen in order to 


determine their effects on the measurement of Hg°9 
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(ii) 


(iii) 


SZ 


atom quenching rate constants in Hg-N,-substrate 
mixtures, 

to elucidate the mechanism of Hg® atom quenching 
for a variety of substrates from a study of the 
effects of deuterium substitution and temperature 
on the quenching rate and 

to determine the relative participation of Hg* and 
Hg® atoms in the photosensitization of Xe atoms 


and ether molecules from band emission studies. 


CHiariEee ie 


EXPERIMENTAL 


A two-stage mercury diffusion pump and a Welsh “Duo- 
Seal" mechanical pump were used to evacuate a conventional 
VaCuUNMappatatus “to Vuw0—6 storm, The distillation train, 
storage bulbs and cell section were kept grease-free by 
uSing Springham stopcocks, Delmar mercury float valves and 
Hoke valves. Pressure was measured using a mercury manome- 


ter, a Baratnon MKS gauge and a Pirani gauge. 


Kinetic studies were carried out in a circulating 
system (Figure 2) using a flash technigue while experiments 
designed to investigate band emission employed a flow system 


With continuous irradiation (Figure 3). 


(a) The Circulating System 


Mercury vapour concentration was controlled by cir- 
culating the substrate gas(es) over a pool of mercury at 
ambient temperature and then through a 10 cm long condenser 
(stripper) packed with 1/8 inch glass helices. The stripper 
temperature waS maintained at 20.0 + 0.19°C, except where 


otherwise noted. 
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The reaction cell was connected to the mercury stripper 
by a two foot length of tubing wrapped with heating tape 
which allowed for pre-heating of the gases for the experi- 
ments conducted at elevated temperatures. Heating tape was 
wrapped around the entire circulating system in the runs 


which required high mercury vapour pressures. 


Circulation of the gases was effected by means of a 
metal fan on "Rulon-A" bearings which was magnetically 
coupled to a drive motor operating at about 1800 rpm. The 
gases were circulated for approximately one minute before 


flashing to establish a constant mercury vapour pressure. 


(i) Cell-Lamp Assembly 


The basic features of the flash lamp-cell combination 
(Figure 4) were adopted from Callear and McGurk (113). The 
lamp was constructed of two 50 mm long quartz tubes, 22 and 
50 mm i.d., sealed together at the ends. The lamp contained 
two torr of helium and the saturation vapour pressure of 
mercury at room temperature. A silicone greased ground glass 
stopcock isolated the lamp from the vacuum apparatus. Two 
tungsten electrode pairs were connected by co-axial cable to 
a one microfarad NRG low inductance capacitor. The decay 
lifetime of the flash was two microseconds or less when the 
Capacitor was operated at 12 kV. A weak tail after the main 


flash had a decay lifetime of 50 to 60 microseconds. 
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Two arborite plates, glued to the ends of the lamp, 
served to center an 8 mm i.d. spectrosil cell along the lamp 
axis and to enclose an annular compartment through which a 
filter solution was circulated. The cell temperature was 
controlled by regulating the temperature (+ 29°C) of the 
filter solution. Rubber collimators attached to the cell at 
one cm intervals minimized the stray light radiated from the 


cell but did not hamper the flow of the filter solution. 


A photograph of the spectrum observed through the cell 
window of 100 lamp firings showed a strong 2537K line and 


other, much weaker, mercury and tungsten lines. 
(22) @fhes ruler solutvon, 


A saturated 1st “aqueous, -<Solution. of @N1SO0,-Cos0, 
coutaining 200 mg/liter of the u.v. dye 2,7-dimethyi-3,6- 
diazocyclohepta-1,6-diene perchlorate (143) was used. This 
solution had a transmission of 20% at 25378, 0.2% at 4O04U7B 
and about 0.6% at 2967A and 4358A. No change in the spectral 
characteristics of the solution was detected over a period 


of several months or upcen heating to 809°C. 
(iii) The Spectrograph. 


The end window of the cell was placed immediately in 
front of the slit of a Hilger-Watts Model E498 medium-quartz 


spectrograph. The slit width was set at 50C microns. 
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(iv) The Light Detection and Recording Instruments. 


An RCA 1P28 photomultiplier, housed in a E720 scanning 
unit that replaced the plate holder, was used to monitor the 
emitted light intensity. The photomultiplier could be moved 
to any desired location in the focal plane of the spectro- 
graph to record the light intensity at a particular wave- 
length. A slit in front of the photomultiplier admitted a 
five angstrom bandwith. Power for the photomultiplier was 
supplied by a Harrison 6110A DC power supply operating at 
900 volts. The pre-amplifier was powered by a Stark model 
PS-501 power supply delivering 80 volts. The output signal 
was amplified and displayed on the screen of a Hewlett- 
Packard 130C oscilloscope and recorded on type 107 Polaroid 


baad 
(v) Data Processing. 


The curves on the photographs were converted to digital 
form using a digitizer facility at the University of Alberta 
computing center. The (x,y) co-ordinates of points on the 
curves were determined electronically and stored on magnetic 
tape. Points were recorded at what corresponded to 1C micro- 
second intervals, beginning 50 microseconds after the flash. 
Fifteen to 45 points could be obtained, depending on the 
curve being measured. The data were then processed by an IBM 


360/67 computer. 
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The slopes and intercept values of straight line plots 
were determined by least-squares analysis of the data points 
Wherever possible. For plots which were not straight lines, 
curve fitting was carried out using iterative procedures to 
determine the value of a particular variable which would 


give the best fit. 
(vi) Operating Procedure. 


The experiments with nitrogen-substrate gas mixtures 
were carried out by initially filling a 6 liter storage bulb 
to a pressure of about 120C torr with purified nitrogen (see 
below). A suitable quantity of the substrate gas was intro- 
duced into a three liter mixing flask to which nitrogen from 
the stcrage bulb was added. Successive reduction of the 
Original nitrogenyftoreign gas ratio was Carried out by the 
addition of more nitrogen to the mixing flask. The mixtures 
were stirred for a minimum of five minutes before use. In 
most cases, two flashes of each mixture and four of the 
purified nitrogen were taken. The nitrogen concentration was 
kept at 1.06 x 10-S mole cc-!, except where otherwise noted. 
In cases where pure substrate gas was flashed, the gas was 
simply introduced into the cell from the storage vessel. The 
cell section was evacuated after each flash to eliminate 


possible interference from reaction products. 


(b) The Flow System. 
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The experiments designed to record the spectra of (Hg*- 
substrate) complexes were carried out in a single pass flow 
system. In these experiments, the photomultiplier attachment 


was replaced by a plate holder. 
(1) Emission Cell. 


A double wall spectrosil cell, 10 x 245 mm, was con- 
structed with the inlet and outlet tubes as close to the end 
windows as possible to eliminate dead space. The double wail 
enabled the filter solution (6 mm radial path length) to be 
circulated around the cell. Blackened plates, spaced one 
inch apart, collimated the incident radiation from the exci- 
ting source. Light emerging from the window was focused onto 


the slit of the spectrograph. 
(ii) Light Source. 


The incident radiation was provided by two Hanovia low 
pressure resonance lamps, #87a-45, situated on opposite 
sides of the cell. The lamps and cell were enclosed in a 
light-tight box which was flushed with a stream of nitrogen 
that cooled the lamps and prevented ozone formation in the 


enclosure. 
(iii) Photographic Plates. 


Kodak 103a-o photographic plates having a linear re- 


sponse to wavelengths between 24008 and 50008 were used 
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after a 15 second exposure to weak white light. This treat- 
ment ensured the linearity of the optical density with the 
log of the intensity. The plates were developed for 3.5 
minutes at 25°C in Kodak D-19 developer. A Joyce-Loebl auto- 
Matic recording MK III C microdensitometer was used for 


measuring optical densities. 
(iv) Operating Procedure. 


Suitable temperature baths were used to establish a 
known pressure of substrate gas in a ballast volume. Mercury 
vapour was included in the input stream by passing the gas 
over a pool of mercury at 45°C and then through an efficient 
condenser maintained at 26.0 + 0.1 °C. The gas pressure and 
flow in the cell were controlled by two Edwards needle 
valves, located upstream and downstream from the cell. A 
Matheson R-2-15AAA rotameter was used to measure the gas 


flow. 


2._ Materials 


The gases studied were of highest purity available. 
Those condensable at -1969C were subjected to several 
freeze-pump-thaw cycles. Where the purity was suspect, the 
gases were distilled from appropriate low temperature 
slushes until only a single peak appeared when analyzed by 


vapour phase chromatography. Mass spectrometry was used to 


s dalidstes of beev siow adtad omdstogess 


Yiwot6e" .emuLov mew’ 4 & ct aap rayenere to ee 
asp edt pateesa ve eseaan toyqnd adt ‘at boBotons asw es 
sasisizie nA tpoord? red we D°dt +5 YxuoteR to rooq 5 pte 
bos s#iveae7g Bép sdT .39 7 # 0.05 +3 1a beaietutae 2 seenobn09 
efboea ebiswht ows yd beffoxtaos aqow iien odt at volt 
4 .{f92 eds mozt ssottenuos brs meszteqy hetsnol yerhes 


25 sat suvesem of Beeuw B@6y astsastor AAK2h=S-8 noesdtae 


wol? 


ezisizezgn_sS 
-eidsifeve ystiqg tesilpid to siew beibvte. apeap edt 

{sisvee ot batosefdwn stew 90A°T- +5 ofdsessbro> seodt 
eit ,Joeqete aaw ytitug she Sredw saloy> Wedt-qmuq-sses12 
aiussiagast wot stsingemq¢gs, mort hellizerh etsy 2s2sp 


yd besyleqs fedy hoaahane 4899 eibate FS yLao Lizav asdente : 


abe 


os beau env YItesossoe08 kate <vdgeapornaowis sesdq xIWo0YgsV 
f . . = | ae oRE 


| a wr >» 


— 


: 


63 


assay the methane used, which was found to contain less than 


two ppm of impurities. 


Nitrogen gas used in the kinetic studies was obtained 
from pCanadian eAliquid {Aim and had sa, sstated. -purity.of 99.993 
mole percent. Further purification was carried out by pas- 
sing the nitrogen through 20 x 40C mm glass tube packed with 
copper turnings heated to 2759C. At this temperature, oxygen 
impurity is converted to CuO. Water impurity was removed by 
condensation in a trap containing a molecular sieve main- 
tained at -78°9C. Comparison of some sample results using the 
purified nitrogen and Airco analyzed nitrogen (maximum im- 
purities of 2 ppm) showed no Significant differences, thus 


assuring acceptable purity of the prepared nitrogen. 
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THE INTERACTION OF EXCITED MERCURY ATOMS WITH NITROGEN 


A detailed kinetic study of the processes occurring in 
flashed Hg-nitrogen mixtures was undertaken in order to 
establish a framework for experiments on the quenching of 


Hg® atoms to be described in Chapter IV. 


law Recuits. 


The rate of removal of Hg® atoms in mercury-nitrogen 
mixtures was determined by measuring the exponential decay 
of the delayed fluorescence intensity as a function of 
nitrogen pressure (Figures 5 and 6) and temperature (Figure 
6). The results have been interpreted in terms of the fol- 


lowing reaction scheme: 


Hg + hv(2537h) -> Hg* ea 
Hg* —> Hg + hv (25378) 2a] 
HGO* + Nj > Hoe + No (va) get We 
Hg®° + No — Hg* + No [12] 
HO? tog NS) >No, ¥ ek (Fi) eons. Ebr 


Quenching of Hg* and Hg® to the ground state and spontaneous 
emission -from Hg° are negligibly slow in comparison to the 


other relaxation processes and are omitted from the reaction 
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mechanism. Loss of Hg® atoms by diffusion to the walls only 
becomes important at N, pressures less than 10 torr which 
was indicated by an upward curvature in Figure 5 in this 
-Tegion, in qualitative agreement with Pitre and co-workers 


(71). 


The experimental decay constant, Ky , of the delayed 
2 


fluorescence is given by the expression 


k,{N2] {k,,(H9] + k,2} + ky, k,3 (HOG ILN2 Je 


7 tea k | 
ke + ky, (N2 ] 

which was obtained as a solution of the Simultaneous dif- 
ferential equations involving Hg* and Hg® by the standard 


method of differentiation and elimination (see Appendix A). 


The values of the appropriate rate constants, listed in 
Table V, were applied to equation [14] to determine the 
value of k,3; which best fitted the experimentally observed 
decay rate at nitrogen pressures ranging from 5 to 500 torr 
for. a conStant mercuryepressure of 4.9 x 10-* torrfat 29°C, 
(Figure 5). The derived value of k,3 was 4.3 x 1016 cc@ 
mole-2sec>1,°in fairy agreement. with © 1.41) x 1088 | ccenoler2 


sec—! (90), probably the best previous value. 


At high nitrogen pressures equation [14] can be simpli- 


fied to the form 
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TABLE V 


Rate Constant Values Employed in the 


Kinetic Calculations in the Hg(3P,) + No Systen. 


Demonte ease ai a a a a a a a a a a a a a ae ae a eae a ae = 
=——— a a aa a a a a a a aS SS SS SS SSS SS SSS SS SSS SS eS 


Rate Rate Constant Reference 
kK» 3e1O Xai OS sesecsts (2) 
Sate Jugs XelUt= occ wolestscc st 
with a temperature dependence (44) 


of exp (-160C/RT) 


Ki2 Oka C kD (~ Sais uke OS Et) (88) 
ke 1.0 x 107 secm! (85) , (89) 
Zon X- 104% sect (86) 
Ki? Zab. ke CLs yCcC umole {Lscec—! (81) 
kis 3 x 1012 cc mole~tsec—} (80) 
Kig 20 soe Ca (85) 
O25 Secu! (6) 
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descalciiated fon <4.9x10-*. tOLre Fig at 29°Ceusing Yang's 
imprisonment formula (15), with T,= 1.41x10-? sec! (5). 
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(see Appendix A) and describes the contribution to the decay 
rate of Hg® by delayed fluorescence and excimer formation. 
The predicted linear dependence of the decay rate on the 
nitrogen concentration has been observed, at least. for 
nitrogen pressures greater than 100 torr (Figures 5 and 6). 
Since both terms in equation [15] depend on the mercury 
concentration and tend to counteract each other, the decay 
rate as a function of mercury concentration is expected to 
be complex. Within experimental error, no change in the rate 
of decay of Hg® atoms was observed on varying the mercury 
PLessure Lrom 2.5 % 10—% to 1,2 x 10-7 tor, vat 29°C. ~ Data 
taken from different experiments indicate a linear depen- 
dence of the rate at higher mercury concentrations where the 
imprisonment of resonance radiation is increased, i.e., the 


value of kz is drastically reduced. 


The increase in the decay rate of metastable atoms as 
the temperature is increased is a manifestation of the five 
kcal/mole energy difference separating the Hg® and Hg* 
states. This theoretical activation energy for reaction [12] 
is expressed by the exponential term in equation [15] and 
can be derived from the intercepts in Figure 6. Using the 
two intercept values, and correcting for the change in the 
radiative lifetime of Hg* at the two different temperatures 


using Yang's formula (15), an activation energy of 5.4 + 0.9 
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kcal/mole was calculated. 


The mercury excimer bands centered at 33502 and 48508 
could not be observed under conditions of low imprisonment 
of the resonance radiation. With nitrogen pressures greater 
than z00 torr and the mercury pressure at 5.47 x 10-2 torr 
at 81°C, the value of kz was decreased sufficiently to allow 
the detection of the 48502 band and a concurrent decrease in 
the delayed fluorescence intensity was also observed. The 
33508 band could not be detected owing to the efficient con- 
versicnyo® the Hq,* excimer to the (305) state at the nitro- 
gen pressures used in the experiments. Figure 7 displays the 


time dependence of the 4850% band with 800 torr nitrogen. 


In addition to the reactions on page 64, the following 


mechanism has been employed to explain the observed results: 


Hgo* A(31\,) — 2Hg + hv (33508) [16] 
He at Noy GOR (207) + Ne Paes | 
Hg.* + Ns) >) 2iget Not [18 ] 
Hg2** —> 2Hg + hv (48508) [19] 
Hgae* + Now —>  2hg it Now [20 ] 


where the prime denotes vibrational and the asterisk elec- 
tronic and vibrational excitation. Deactivation of Hg2** on 
the walls (85) is much slower than collisional relaxation 


and is not included in the reaction mechanism. 
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Given that [Hg°] =A a csc telly where Kn, can be 
measured from the decay of delayed fluorescence intensity, 
successive integration of the rate equations involving Hg,** 
yields the following expression for the 48508 band intensity 
in time (see Appendix B): 

Af kizski7 k,gfHGI[N, ]2 { ek =) Yo tony 


T4aso ~ [21] 
(p-m) (v-m) (v-p) 


where m = Ky, 

Pre Kg te (Ki, } 8 Kia) BN 2 | 

Ue igs og Nos 

X = (v-p)exp(-mt) 

Y = (v-m) exp (-pt) 

Z = (p-m)exp(-vt) and 
A* iS a-constant of proportionality which includes 
such factors as the photomultiplier response and 


dispersion of the spectroscope. 


kop Was evaluated by matching the decay of the 48508 
band intensity given by equation [21] to the experimentally 
observed decay rate measured with 200, 400, 600 and 800 torr 
nitrogen. Rate constant values for the various reactions 
involved were taken from Table V, along with the value of 
WoS x 1018 “cce®mole-esec-t for ki,. The “best value of k3, for 
each of the four nitrogen pressures was obtained by mini- 
mizing the standard deviation between the calculated and ex- 


perimental points. The average value of kz, obtained in this 


tM ord * set) + grt “iq . 
CoM Vos +e: = ¥° 
(2m-)qes (a-v) * x 
(q-)qxo(erv) = ¥ 
bas (tv-)qas(a-q) = 8 
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manner 1s approximately 7 x 108 cc mole-!sec-1 for either of 
the two values of ky, and k,, listed in Table V. This figure 
is abcut two orders of magnitude greater than that noted by 
Penzes and co-workers (81). The estimated error in the 


present value is a factor of five. 


Ladd and co-workers (86) have postulated a pressure in- 
duced emission process for the 48508 band. If the above 


mechanism is modified so that the reactions 


Hg,** + No —> 2Hg + No + hv (48502) ( 22] 


Hg2** + Hg —> 3Hg + hv (48502) P28 


replace reactions [19] and {20], no improvement in fitting 
the appropriately modified equation [21] to the results was 


observed. 


2. DILScussion. 


The mercury photosensitization of nitrogen has attrac- 
ted a great deal of study since it is unique in efficiently 
bringing about spin-orbit relaxation of Hg* to Hg® without 
appreciably quenching either of these two species to the 
ground state. It has been considered that the major mode of 
deactivation of the metastable atoms produced in this system 
is by the formation of the diatomic A(31,,) mercury excimer 
with nitrogen as a chaperone (81,89,90). The results of the 


present investigation clearly demonstrate that under con- 
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ditions of low imprisonment of resonance fluorescence, col- 
lisional promotion of metastable atoms to the 3P, state, 
followed by 2537A emission is the chief process by which Hg° 
atoms are removed. This can be seen by reference to equation 
(15] which predicts that at low mercury concentrations, 
where kK, iS large, the first term accounts for aimost ail of 
the observed decay rate. If k, iS made very small by in- 
creasing the mercury concentration, thus increasing the fra- 
diative lifetime of Hg* atoms, the major contribution to the 
observed decay rate is due to the second term, i.e. excimer 
formation. This prediction has been verified in the high 
temperature experiments. At low mercury concentrations, the 
delayed fluorescence appeared strongly whereas the emission 
bands from the mercury excimers could not be detected. In- 
creasing the mercury concentration some 50-fold resulted in 
a 10-fold decrease of the delayed fluorescence intensity and 


the appearance of the 48508 band. 


The fact that the decay rate of delayed fluorescence at 
299C was independent of mercury pressures between 2.5 x 107% 
and ©'t.2 x 10>-3'torr can be*explainedtan terms of the: criti- 
cal role of imprisonment of the resonance radiation. Under 
these conditions, increasing the mercury concentration re- 
sults in an increase by the decay rate in the second term in 
equation [15] but this is offset by a decrease in k, in the 
first term. Since the formation of excimer varies from 3.0 


to: 22.2% of the ‘total decay of Hg° atomS in 500 torr No, 4 
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much larger increase in this mode of decay is needed to off- 
set a smaller decrease in the radiative lifetime to obtain a 
cancellation of the two factors. The 4.8-fold increase in 
the mercury concentration would produce a 9.1% increase in 
the rate of decay of Hg® atoms, but the 1.25 reduction of k, 
corresponds to a 10.1% decrease in the decay rate. This 
difference is well within experimental limits. The depen- 
dence of the decay rate on the mercury concentration could 
only be measured at much higher Hg vapour pressures where 
the contribution to the decay rate by delayed fluorescence 
becomes very small in comparison to the decay of Hg® atoms 


by excimer formation. 


It is evident that interpretation of the reactions of 
Hg® atoms with added substrates in mercury-nitrogen mixtures 
may be complicated by the presence of Hg* atoms in this sys- 
tem. The extent of the interference by Hg* atoms will depend 
on the experimental technique and conditions used in the in- 


vestigation. 


Vibrationally excited nitrogen molecules formed in the 
spin-orbit relaxation of Hg* atoms appear to be of little 
importance in contributing to the reverse reaction rate. The 
measured activation energy of 5.4 kcal/mole for the pro- 
motion of Hg® atoms to the 3P, level suggests that this is 
brought about by collisions with thermally equilibrated ni- 


trogen molecules. 
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Callear (130) has measured the decay rate of 253728 
radiation in Hg-N> Mixtures with essentially the same ap- 
paratus as used in the present work. He calculated that the 
major mode of relaxation of Hg® atoms was by delayed fluo- 
rescence for nitrogen pressures less than 50 torr. He also 
suggested that the increase in the decay rate for nitrogen 
pressures greater than 100 torr was probably due to oxygen 
impurity. The present work demonstrates that delayed fluo- 
rescence is the primary mode of decay for Nz pressures up to 
several atmospheres, under conditions of low imprisonment, 
and that the gradual increase in the decay rate with in- 
creasing nitrogen pressure is due to the increasing rate of 
excimer formation. Callear has also assumed that the decay 
rate cof delayed fluorescence decreases to zero as the nitro- 
gen pressure is reduced to zero. In the present work it was 
noted that an increase in the decay rate becomes apparent at 
nitrogen pressures less than 10 torr. This can be explained 
in terms of the increased importance of deactivation of Hg° 


atoms at the wall (9,74). 


The experimental data concerning the time dependence of 
the 4850R band intensity could be equally well described by 
assuming either a spontaneous emission of the Hg,** excimer 
(81,89) or a pressure induced emission (86) since the ar- 
bitrary factor, A’, in equation [21] can be adjusted to suit 


both possibilities. The fast decay rate of the 4850R band 
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intensity obtained under the present conditions implies that 
Cie woos) state is relaxed primarily by a collisional pro- 
cess, but whether this eaeniee in quenching (81) or pressure 
induced emission (86) cannot be determined from the data. In 
either case, the two crder of magnitude increase in the rate 
constant measured at 819°C (present work) from that measured 
at 20°C (81) would suggest that the reaction is temperature 


dependent. 
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CHAPTER IV 


INTERACTION OF Hg(3P,) ATOMS WITH FOREIGN GASES 


Rate constants for the quenching of Hg9® atoms by for- 
eign gases, except NH,;, were determined by measuring the 
time dependence of the delayed fluorescence intensity as a 
function of the partial pressure of quencher gas in flashed 
Hg-Na mixtures. Data was obtained at 27(+2)9C and at 


75 (£1) °c. 


The results were interpreted in terms of reactions [1], 


(2 fp tcand*(“1-Pj-( 13} wsed in *Cchapter “£ilI “and=the ~rollowing: 


Hog 4+) 0) — > NG rrp roducius [ 24 ] 
Hg*¥ + Q > Hg® + Q (25) 
hols Osi i products [e25;] 


where Q denotes a quencher molecule and "products" indicate 
decomposition, electronic excitation, etc., of the molecule 
or band emission. The above mechanism is a Simplified but 
experimentally indistinguishable version of a more detailed 


scheme that includes complex formation: 


Hg* + Q —> (HgQ) * Rees 
(Hg OQ) t—oeig* +. 0 (-27] 
(He0) oat ep oeduCrS P28.) 
(HgO) * —> Hotes © [29 ] 
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{vS-} 9 + *ph < * (Oph) 
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pa * A : 
7 


pes) + Se & *(OpK) . 


bt : 


7h] 


Hoge) + UW => (HgQ)? { 30 ] 
(gO). > go. +. 0 30%) 
(HGO)° > Ho + products. (eae) 


The rates of the reactions considered above are related to 
the decay rate constant, k,, of the delayed fluorescence in- 


tensity by the formula (see Appendix C): 


v= kp = KyslHGITNZ] + Koki, 7k + (K2,kKi2 7K +k, 0] 


[32] 


The intercept of k, vs [Q] plots, (k,,{H9J(N2J + k2ki,/k,,), 
represents the rate of removal of Hg® atoms by nitrogen 
molecules which, as pointed out in Chapter III, is via exci- 
mer formation and emission of 25374 radiation. The slope, 
(Kogkig/Kiy + Kog)e kage describes the contribution to the 
decay rate by the quencher gas and indicates that the re- 
laxation of Hg® atoms is affected by two processes when a 


quencher is present, namely: 


(i) quenching of Hg* atoms (produced by collisions of 
Hg ® atoms with No) ‘expressed by the term 
ko4kyo Zk; [Q] and 

(ii) quenching of Hg® atoms directly, given by the term 


Keg({Q]- 


ky, values were calculated from the slopes by subtracting 


the correction term, k,,k,,/k,,, and inserted into 
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(d9)2 = Keg/(8xRT (Myo tMg) / (My gg) } 17? (33] 
to obtain quenching cross-sections. 


The correction term ae calculated using the values of 
k,, and k;,, found in Table V and assuming hat ko, equals 
k*¥ (1-99) where k* is the quenching rate constant for Hg* 
atoms measured by the physical method and $9 is the quantum 
yield of Hg®9 Pecan tas, k* values were taken from Table I, 
with preference given to those of reference (45) and (38) 
Since these represent the most extensive and unified set of 
determinations available in the literature. The quantum 
yield for spin-orbit relaxation were taken from reference 
(66) of Table II. Where ©° values are not available, a range 
of values for ks, were calculated corresponding to 9° = 0 
and 6° = 1 (identical to kg) for the room temperature data. 
Lack of data on k* and $° at higher temperatures prevented 
the calculation of the correction term and, consequently, of 
Kag- In these cases, kg values were used without modifi- 


cation to calculate (09)2 values. 


(a) Results. 


Cuenching cross-sections were determined as outlined 


above for several light and deuterated alkanes, hydrogen, 
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deuterium, ethylene and deuterated ethylene and the results 


are presented in Table VI. A detailed description follows. 


The decay lifetime, 1/t, of delayed fluorescence was 
measured as a function of propane and neopentane concentra- 
tions at 29 and 75°C, and a nitrogen bath concentration of 
2.12 x 10-5 moles cc-t as well as the standard 1.06 x 10-5 
moles cc! (Figures 8 and 9). The kg values were the same, 
within experimental error, at both temperatures and nitrogen 
concentrations. The data from the two nitrogen experiments 
were averaged before calculating (09)2 at each of the two 


temperatures. 


Experiments with methane, ethane, cyclo-pentane, cyclo- 
hexane and deuterated cyclo-pentane and cyclo-hexane were 
done at ambient temperatures and at 759C with the lower 
nitrogen concentration only. Plots of 1/T vs the quencher 


gas concentration are displayed in Figures 10-12. 


1/t values were measured at various concentrations of 
hydrogen, deuterium, propane-d,, n-butane, iso-butane, ethy- 
lene and deuterated ethylene at room temperature (Figures 
13-16) with the nitrogen bath concentration kept at 


Ls iOeskenl Oras MOLES. cco), 


As can be seen in Figure 10 and Table VI, kg for CH, is 
about doubled in going from 29 to 759°C. However, the correc- 


tion term accounted for 92% of kg at the lower temperature. 
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TAG Ee 


Quenching Lata for Hg(3P,) Atoms by Isotopic 


Hydrogen and Hydrocarbon Molecules (@), 
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Kgs cc mole-!sec-1 Cb) (o9) 2,2 
Compound 290C I50C 290C (Cc) 759c ¢d)d 
Ho (4.44.2)x1013 ieee 
Do Gl.94. 1) x1014 G55 
CHs (3. 84.5)x% 1068 (758279) x104 2 x10-6 Sox 1G-- 
CoH, (tse. 17 xX1020 (1445 1) xt010” O.0G Ts 0.0014 
CyHe (2s Se 1) x10t® “(2e2ee2) x1012 0.028 0.026 
CHZCDLCH; (9.14.6)x1010 Gi.0,1 
H-Gel tp (7.9+.4)x1012 herl 
i —-Cela, (2.6t92)24042 S316 
C(CHs), (oe ote ac04° (3.94.3) x1010F 0.0053 0.0055 
c-Cs5Hio (25.5fec) x 1022 9 (15 8t. 3) ONS 80.38" =0. 37 Osa? 
c-Cs5Dig 5.3264) x1012 (Sile.5) 21012 GLOSH=0.077 WOsD 74 
C-C¢H45 (353374) x0 te (2. 493) 102 = 5s = 0552 0586 
C=C, De5 (3. 0+4) x01 (4.54.8) xf041,.6.051-0.045 0.5071 
CoH, (2.4282) x1074 Phe 
Cod4 (2. 3461) x10 ES 26 
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a. Error limits are given in standard deviation. 


b. kg = slope of 1/t vs. [Q] plots = kaqki2/ki, + Kae. 


c. Calculated from kag = kg - k* (1-69) kya /k,} Where $9 is not 
available, a range of (¢°)2 values are reported 
and g9=1. 


d. Calculated directly from kg. 
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Thess avalue , sof, «at o9 .x -10tb. ccamoles!sec=! fog keacwasitaken 
from Horiguchi and Tsuchiya (67) to determine kz, in this 
case. The correction term plays a key role in the evaluation 
Obgpehe- gexyperimentale:datea at gi5°C alsoe gLEakspircmains 
constant, then the exponential term in k,,/k,, would account 
for a three-fold increase in kg- The observed increase is 
between 1.6 and 2.6, considering the statistical error. The 
quenching .cross-section for (Che .at.,/5°C entered sin-Tablic y_Vi 
was calculated from K ge which includes the correction tern, 
and LSfAgthereiore, pan uppenelimit byfat-leastssan gordere of 


Magnitude. 


Methane is such a poor quencher that up to 100 torr of 
this substrate were required in mixtures with nitrogen in 
order to achieve detectable quenching. This large amount of 
Substrate could complicate the kinetics. For this reason the 
effect of CH, alone on the 25374 fluorescence was investi- 
gated. The decay rate of the resonance line was identical 
With pure mercury vapour or with 200 torr of methane in the 
cell, and assures that the assumptions made in deriving 
equation [32] are still valid, even for the large percentage 


of methane in the mixture. 


With the exception of CHy4, the correction term varied 
from a high of 10% for neopentane and c-Cs5Di9 to less than 
1% fOr Hoe Dor n-C4Hio » 1=CAlio CoH, and C2Dq. The cor= 


rection term for the cther alkanes was between one and 5% 
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which is within the standard deviation of the slope. A ratio 
of about 102 to 1063 for (d6*)2/(69)2 and a low quantum yield 
of Hg® formation is necessary in order to produce a discer- 
nable difference between k, and kj,. For this reason, the 
data of only those substrates which are very weak quenchers 
of Hg® atoms required adjustment to account for the quench- 
ING OL NGS atoms. At» 75°C, where (kana, ts) ede tactor (Of 
three larger than at room temperature, the reported (6°) @ 
values for the weak quenchers are overestimated by as much 
as 15% if °k5, Lemains  coustaut. For = neopentane and c-C.D;, 
the higher temperature value may be 45 and 39% too high, 
respectively, and the actual quenching cross-section for 
these two substrates could be smaller than at room ten- 
perature. For most of the alkanes studied, quenching of Hg® 
atoms appears to be temperature independent or possibly 
decreases Slightly with an increase in temperature, although 
the scatter in the data would mask an activation energy of 
about +1.5 kcal mole~!. Duplicate runs with c-C,H,2 and a 
Single run with c-C.5Hj, clearly showed a decrease in ky as 


the temperature was increased. 


(b) Discussion. 


All of the gases studied exhibit lower quenching cross- 
sections for Hg® atoms than for Hg* atoms. The discrepancy 
between the two values increases as the ability to quench 


Hg* atoms decreases. For instance, the (0*) 2/(69)¢ ratio for 
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i-C,H,;9, a strong Hg* quencher, is approximately two whereas 
it is 350 for neopentane, a weak quencher of Hg* atoms. In 
general, alkanes quench Hg® atoms 190 times more slowly than 
Hg* atoms, in good agreement with the results reported by 
Callear and McGurk (62) using the same technique as the pre- 
sent study. The (0°)2 values reported by Vikis and Moser 
(73) indicate a factor of 500 difference between Hg® and Hg* 
quenching. Their values were relative to that of ethylene 
which was determined to be 2.542. The present work reports a 
Value Of) 2582 sfor ethylene quenching of Hg® atoms so that 
reasonable agreement would be attained if their values were 


scaled accordingly. 


Apart from the different aan etree of Hg® and Hg* 
quenching by the foreign gases the trends in the (0°)2 
values with respect to the nature of the quencher are very 
Similar to those found for Hg* quenching. The quenching 
CEUSS=seCLIOnS  "Varyecads Cayo 0 >oi-Calyg > n-Cehiy > Cea 
Gi(Cha). 2 Galse> CHa in both cases which 1s (clear evidence 
that Hg® and Hg* atoms are quenched by the same mechanisn. 
This is further supported by the similar effect of deuterium 
substitution. Ethylene and deuterated ethylene quench Hg* 
atoms by interacticn with the x bond and do not show an 
isotope effect. Paraffins quench Hg* atoms via C-H bond 
rupture and these gases exhibit a pronounced deuterium 
USOLOpe effect, Ppaltticularly it SUbStituted dt the “weakest 


bond (82,92-94). Deuterium substitution has a similar effect 
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on Hg9® atom quenching by propane and the cyclo-alkanes in 
the present study. Hydrogen and deuterium do not follow this 


pattern in their quenching of Hg* and Hg® atoms. 


The present study, like most previous studies of Hg®° 
reactions, employed nitrogen to populate the 3P,) level. A 
Small population of Hg* atoms has been shown to exist in 
this system (see Chapter III). These atoms may have a 
crucial bearing on the interpretation of studies of Hg® re- 
actions made using an Hg¥*-N, system. This is illustrated by 


the quenching data obtained with methane. 


The correction term which was applied to the apparent 
rate of relaxation of Hg® atoms was almost sufficient to ac- 
count for all of the measured quenching by CH, at room tem- 
pembeture and probably at 75°C. This implies that. Hg? atoms 
were promoted to the 3P, level by collisions with nitrogen 
and the Hg* atoms were subsequently quenched by the methane. 
Very. little direct quenching of metastable atoms occurred at 


either temperature. 


The role of Hg* atoms becomes relatively more important 
qe SUC that-at J25UCs Leck Of KiNetiC Gata under Such ‘con= 
ditions precludes a definite assessment of the extent of 
thas cOmplucation..any West, CaSes 1 2S not “expected. to bs 
too Significant unless a radical change in the relative 
quenching Of Hg* atoms to the Ground Stave, "Or, co. the =p 


level takes place. 
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Callear and McGurk (62) have determined quenching 
cross-sections for Hg® atoms using the same technique as in 
the present study. Since these workers did not consider the 
role of Hg* atoms, their (09°)2 values should be regarded as 
upper limits. Fortunately, the correction for Hg* quenching 


is small in most cases. 


The quenching rate constant of Hg by Xe, in the 
presence of Ns, has been measured by Phillips and co-workers 
(25). The reported value was very small and it is likely 
that the quenching was due to Hg* atoms in the system, as is 


the case for methane in the present study. 


The salient features of Hg® quenching with regard to 
trends in reactivity, deuterium isotope effect and the temp- 
erature dependence of (0°)2 exhibited by the various alkanes 
may be explained in terms of a hydrogen abstraction mechan- 
ism (108), as illustrated by the schematic potential energy 


curves displayed in Figure 17. 


The alkane and a Hg* or Hg9 atom combine along an 
attractive potential surface with a shallow well of depth e* 
and €9, respectively, proportional to the polarizabilities 
of the two reactants. The complex is trapped in the poten- 
tial well as a result of the redistribution of the collision 
energy amongst the various degrees of freedom in the subs- 


trate molecule. Since the excited mercury atom interacts 
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Internuclear Distance -————? 


Schematic potential energy diagram for the 
interaction of Hg (?P9) and Hg (3P,) atoms 


with alkanes. 
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with a specific hydrogen atom in the paraffin (82), a sepa- 
rate potential surface exists for each different C-H bond 
(19, 2% or 3°)5any, both Hg*-and Hg° Sensitizatton.sibsaspiite 
Land pot, thes.) (HOHE) *+) complex. vantoep, then: kK) jet lepands.,0 = 0 
states, arising from the perturbation on the J vector of the 
Hg* atom by the alkane (136), is not a crucial point and has 


been cmitted in the figure to maintain clarity. 


The existence of (HgHR)* and (HgHR)° complexes having 
finite lifetime allows for radiative transitions to the 
ground state. Band emission in the mercury photosensiti- 
zation of alkanes has been attributed to the (HgHR) * complex 
(23). Emission from the (HgHR)° complex iS apparently an 


inefficient process compared to other relaxation modes. 


At high molecular compression, the (HgHR, Q= +1) * 
surface intersects the (HgHR)° potential energy curve. This 
provides a reaction channel for spin-orbit relaxation of Hg* 
atoms and the reverse process, visS., promotion of a Hg® atom 
to the #?P, level. An additional low energy route available 
to deuterated alkanes for Hg® production has been suggested 


(108) and is indicated by the dashed line in Figure 17. 


The rupture of a C-H bond proceeds via predissociation 
to a repulsive surface which correlates with an HgH molecule 
(104) and the respective alkyl radical. The energy level of 
the crossover point depends on the depth of the potential 


well and the strength of the C-H bond being broken, with the 
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weakest bond having the lowest crossover point. Thus, 
i-C4H,,, which possesses a 3° bond, has a larger (069)2 value 
than n-C4H;g9 which has only 1° and 2° bonds. The decrease in 
the (d9)2 values as the bond strength increases from i-C,4Hi, 


to CH, may also be explained by this rationale. 


Alkanes display (d*)2 values (Table I) which are lower 
than the gas kinetic collision frequency, the discrepancy 
being largest for the first few members of the series. This 
is even more evident for Hg® quenching (Table VI). Since the 
level at which crossover to products takes place may lie at 
a higher or lower energy than the level of the separated 
reactants, indicated hy curves A and B in Figure 17, respec- 
tively, the lower than unit quenching efficiency and the 
temperature dependence of the (0°)2 values may be explained 
in two ways: (i) if predissociation occurs within the poten- 
tial well, the crossover must have a lower probability of 
occurring than the breakup of the complex back to the reac- 
tants. The relative rates cf these two processes depend on 
the efficiency with which the collision energy is redistri- 
buted in the alkane molecule. This explanation would be con- 
sistent with a decrease in (0°)2 values as the temperature 
is increased if the probability of crossover is independent 
of temperature, since the redissociation rate increases 
because of its activation energy. This proposal appears to 
be Or cane in the case of the protiated cyclo-alkanes 


because of the comparatively lower C-H bond strength and 
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higher (09) 2 Values than , those 2 ot. Chngekolvwn Galle » and 
neo-CsHi.; or (ii) in the case where predissociation takes 
place at a higher energy than the dissociation energy of the 
complex, the existence of the energy barrier involved in the 
relaxation of Hg® atoms provides a reason for low quenching 
efficiency. Methane, ethane, neopentane and propane are 
likely to belong in this category since they all have con- 
paratively high C-H bond energies. This model predicts an 
increase in the quenching rate with increasing temperature 
which is not substantiated by the present data. However, 
this apparent contradiction may be resolved by inspection of 
the Hg* and Hg® sensitized reactions of these gases. A 
comparison of the features exhibited in Hg* sensitization 
shows a distinct similarity between them which implies that 
these alkanes may be considered collectively as a group. 
Compared with the rest of the alkanes, these show the lar- 
gest difference between the guenching rate and the collision 
frequency, a direct result of their high bond strength. A 
second feature is that the‘Hg* sensitized quantum yields, 
o* 5° are less than unity at room temperature so that spin- 
orbit relaxation (Table II) and band emission (23) are sig- 
nificant relaxation processes. Based on the parallel trends 
in the (0*)2 and (d°)? values, it may be assumed that the 
Hg® sensitization of these gases follows a reaction mecha- 
nism applicable to all members of the group, to a greater or 


lesser degree. The temperature independence of the (0°) #2 
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values has an explanation based on the observation that the 
propane Hg® sensitized quantum yield, O° 4 increases from 
Vie ora.t 6 eC to O.94 at 200°C (103), In order to account for 
the low $9, at the lcwer temperature, an intersystem 
crossing to the ground state potential energy surface has 
been suggested (108). It would seem that the rate of inter- 
system crossing decreases with an increase in temperature 
which, to a large extent, cancels the increase in the rate 
of decomposition since the (09)2 value does not change ap- 
preciably over the temperature range of the present study. 
It is to be expected that the rate at which (HgHR)° are 
promoted to (HgHR)* complexes also increases as the tempera- 
Lure IS raised but the=products of this reaction, a Hg* atom 
and the alkane, would recreate a Hg® atom in a subsequent 
collision via crossover at the high energy intersection of 
the (HgHR)* and (HgHR)° surfaces. The overall effect would 
appear as only a minor increase in the rate of relaxation of 
Hg® atoms via Hg* sensitized decomposition. Similar argu- 
ments would apply to explain the negligible temperature ef- 


fect on Hg® quenching by the other members of this group. 


In cases (i) and (ii) above, the lower (0°)2 values 
compared to (o0*)2 values are probably due to the smaller 
polarizability of the Hg® atom and thus a shallower poten- 
tial well. Redissociation of the complex to reactants would 
oe more important in this case and the quenching cross- 


sections would reflect the decreased probability of the 
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decomposition reaction. 


The H/D kinetic isotcpe effect may be interpreted on 
the basis of the energetics of the hydrogen abstraction 
mechanism. The activation energy for abstraction of a deut- 
erium atom is greater than for the abstraction of a hydrogen 
atom by virtue of its lower zero point energy (109) and thus 
more energy is required to rupture a C-D bond. This would 
have the effect of reducing the (0°)2 value of a deuterated 
alkane with respect to its protiated analogue, in agreement 


with experiment. 


The results of the study of the effect of nitrogen 
pressure on the quenching of Hg9 atoms by propane and neo- 
pentane indicate that quenching of the (HgHR)° complex by No, 
is very inefficient, and omission of this process from the 
reaction mechanism is experimentally justifiable. It appears 
that (HgQ)° complexes are very stable with respect to col- 
lisional relaxation in the cases where Q iS a mercury aton, 
as shown in Chapter III, or an alkane molecule which is 


apparent from this and cther studies (130). 


Callear and McGurk (113) have proposed a mechanism for 
the quenching of Hg* and Hg® atoms by hydrogen and deuterium 
which involves an intersystem crossing between a triplet 


upper complex and a singlet ground state complex, 


Hg (3P) + H,1"+ —> HHgH 3B, —> HHgH 1A" -—> HgH 2yp+ + H. 
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the =Bo state splits into an Aj, hy, end by Stare; e tne first 
of which correlates with a Hg® atom and the other two with a 
Hg* atom. The intersystem crossing step is completely al- 
lowed for quenching of Hg* atoms but is allowed only through 
rotaticon=slectronic eCcupling her aqY “quenching, This ex- 
plains the nine-fold lower (09)2 values and provides a basis 
for the factor of two difference between the Hz and Dg 
quenching cross-sections. As an alternative explanation, 
they suggested that the intersystem crossing step might be 
sensitive to deuterium substitution in the sense that tun- 
nelling at configurations close to the turning point would 
be lewer: for Dz. The results of the present investigation 
provide experimental evidence for an isotope effect in 


hydrogen quenching of Hg°® atoms. 


2. _ Organic Oxyqen- and sSuifur-Containing Compounds. 
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(a) Results. 


Decay rates of 25378 delayed fluorescence were measured 
as a4 function) of ethancl concentration with 260, 30C, 400 
and 500 torr nitrogen pressure at 28°C (Figure 18). No 
evidence that the nitrogen pressure affected the quenching 
rate was detected. A similar study with ethylmercaptan also 
showed no variation in the quenching rate when the nitrogen 


pressure was varied frcem 20C to 400 torr. These observations 
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FIGURE 18: 1/t vs C2Hs5O0H concentrations in 


different nitrogen bath pressures. 
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indicate that a termolecular deactivation process 
Hg® + )Of+ Neo => products 


is toc slow to be detected in the present experiments. 
Phillips and co-workers (33) were able to measure small rate 
constants for the above process where Q = methanol and etha- 


nol, and also for the reaction 
HOC +s “2A > products 


fOr a Variety of alcohols, AjY in thee range W286 to 101° 
cc2mole~#sec—!, This process is negligible in the present 


work due to the low alcohol concentrations used. 


The temperature dependence of Hg° quenching by C2Hs5OH, 
CHZCD2OH, (GHL)E 0, (Cols), 0, J(CHZCDaye0, sal(CeDs)50, “EH SH, 
CeHsSH, and (CHz)2S was determined, from measurements of 1/T 
at various substrate concentrations (Figures 19-26), and the 
results are presented in Table VII. The maximum value of the 
correction term at room temperature was less than 2% of Ka 
so that the kg values can be taken to be kag vaiues. In the 
case of CH3CD20H, however, the correction term could amount 
LO toe OL kg it $9 =s05 @Since tims extreme Mis unlikely (32), 
it is assumed that the correction is within the experimental 
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The quenching of Hq® atoms by ethanol and diethylether 


show a marked deuterium isotope effect, particularly at the 
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TABLE yV Ia 


Quenching Data for Hg (3P,) Atoms by Oxygen and 


Sulphur Containing Organic Compounds (24), 
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TABLE VII (cont'd) 


Quenching Data for Hg(3P,) Atoms by Oxygen and 


Sulphur Containing Organic Compounds. 
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Temp. kg ¢b) (do) 2 
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a-hydrogen position for diethylether, unlike Hg* quenching 
which does not demonstrate any significant isotope effect 


(Table I). 


It is evident from Table VII that the quenching rate 
constants for Hg relaxation by oxygen- and sulphur-con- 
taining compounds decrease as the temperature is increased. 
By assuming a temperature dependent pre-exponential factor, 


the mcdified Arrhenius equation 
Kg = (AT172) exp(-E,/RT) 


may be used to relate kg to the temperature, T. Plots of 
log (kg) - af2e OG (T} vs iyT for these compounds, except 
CzH5,O0H and CH30CH;, are found in Figures 27-28. Values of E, 
and log (A) obtained from least-squares analysis are listed 
in Table VIII. Only two temperatures were investigated for 
C4H5OH and CH,0CH; So that a least-sgquaresy/ tredtment could 
not ke carried out. For these two substrates, the slope and 
intercept were determined by drawing a straight line through 
the two points. Error limits were obtained from the two 
curves which can be drawn connecting the maximum and minimum 


error limits, and vice versa, of each individual point. 


(b) Discussion. 


A comparison of (09°)2 values measured at room tempera- 


ture for quenching by the alkanes (Table VII) and oxygen and 
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TABLE VIIiti 


Modified Arrhenius Parameters for the Quenching of Hg(3P,) 


Atoms by Oxygen and Sulphur Containing Compounds (4a), 


a a i wi a a a a a ia ae ae ae aes ae a = 
ee ee ee ee ee ee a ee ee ee Se a ee eS a a ae ae a Se eS 


Compound E,~e kcal mole~! log (A) 

CH;CH,OH -1.2 4 1,3 (>? 10.6 + 1.1 
CHzCD)0H -1.0 + 0.4 10527 4) OZ 
(CHa yc -1.6 + C.8 Cbd 9.8 + 6.5 
(Coe CH Cue =a. 08 n0ee Nene 06 
(CHzCD2)2 0 -2.4 + 0.8 10-1 + 0.6 
(CD;CD2), 0 -2.9 + 0.1 9.6 + 0.1 
CH;SH -1.7 + 0.7 TAG nO. 
CH3CH2SH = 2etit Oe 4 tie 230.0 
(CH3)25 So hey aha Uy S| 10.8 + C.2 
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ae Determined from kg data over the range 25 to 75°C, 
Error limits aré given in standard deviation. 


b. Calculated from two temperature measurements. 
Error limits are estimated from the largest and smallest 
slopes that could be drawn through the error limits of 
lru(kg) values at the two temperatures. 
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sulphur compounds (Table VIIT) demonstrate the distinct 
electrophilic nature of Hg° atoms. In all cases, the (0°)2 
value of a parent alkane is greatly increased by the pres- 
ence of an oxygen atom and even more so by a sulphur aton. 
The substitution of an alkyl group for the hydrogen atom 
bound to an oxygen or sulphur in an alcohol or a mercaptan 
increases the quenching cross-section dramatically. However, 
the nature of the alkyl substituents and the central aton 
are significant factors in determining the reactivity of the 
molecule as a whole, as can be seen by comparing CH,0CH; < 
CoH50H with CH;SCH; > CoH5SH. Additional evidence for the 
electrophilic character of Hg® atoms is provided by the 
trends in (09)2 values of the paraffins. In this connection, 
it has been shown (91) that specific increments in do for Hg* 
quenching by methyl, methylene and methine groups follows 
their increasing e¢lectren donating ability. The same trend 


is apparent in Hg® quenching cross-sections. 


Three important conclusions may be drawn regarding Hg° 
atom interaction with the compounds entered in Table VII, 


namely: 


(i) all exhibit (06°)2 values which are lower than the 
corresponding (d*)2 values, 

(ii) deuterium substitution in the a-position decreases 

the quenching cross-section of Hg® atoms in the 


case of ethanol and diethylether and, 
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(iii) there is a noticeable decrease in the (0°)2 values 


as the temperature is increased. 


A general mechanism to describe the processes involved 
in the Hg° sensitization of oxygen compounds may be formu- 
lated from the present data and the known photochemistry of 


alcohols and ethers. 


Hg* atoms. are quenched with near unit efficiency (45) 
resulting predominantly in Hg® formation (32,42). This can 
be attributed to the formation of a complex in which the Hg* 
atom is strongly bound to the oxygen atom. This implies that 
the complex exists long enough for this quenching process to 
occur. Since spin-orbit relaxation does not involve the 
rupture of a C-H bond, deuteration would have only secondary 
effects on the Hg* quenching cross-section, illustrated by 
the data in Table I. The high efficiency of this process, 
indicated by the large (o*)2 values, precludes the pos- 
Sibility of relaxation of the complex by radiative tran- 


Sucoouc. 


The (09)2 values are lower than the (d*)2 values due to 
a different quenching mechanism. It may be assumed that Hg9 
atoms form a complex with the substrate which is relaxed via 
decomposition of the guencher, by exclusive C-H bond rupture 
(32,126-129), and by radiative decay. Band emission origina- 
ting from (Hg-alcohol)° complexes has been observed (23,32). 


Band emission has also been observed in the mercury photo- 
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sensitization of ethers (see Chapter V) which bears a close 
resemblance to the (Hg-alcohol)° spectra. The Hg® atom is 
again expected to be bound to the non-bonded electrons in 
the oxygen atom so that the complex must assume a configura- 
tion favorable for the abstraction of a hydrogen atom. The 
presence of an aw-hydrogen would greatly facilitate the at- 
tainment of the required conformation. In this regard, the 
most pronounced isotope effect on the (d°)2 values was no- 
ticed for deuterium substitution in the e-position. This ob- 
Servation provides direct experimental evidence that decom- 
position is enhanced by the presence of an a&=-hydrogen, a 
conclusion previously inferred (32) from band emission 


studies of (Hg-alcohol) ° complexes. 


In order for the Hg® atom to interact strongly with a 
nearby hydrogen atom, they must be in close proximity to 
each other concurrent with a weakening of the Hg-oxygen 
bond (Figure 29). The necessary configuration may be attain- 
ed by appropriate twisting, wagging and stretching vibra- 
tions of the CH, group. These modes may become exaggerated 
by van der Waals attractions which come into play between 
the Hg9® and hydrogen atoms. Decomposition would not neces- 
Sarily follow once the Hg9 atom is attached to a hydrogen 
atom since, at this point, the quenching mechanism would be 
similar to that operative in Hg9-alkane systems. The com- 
paratively weak o-hydrogen bond in an oxygen compound, 


however, would render abstraction more probable than in the 
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pre seme. 


Configuration where the Hg° atom interaction 


is with the oxygen atom. 


Hg". 
Spe oars 
ew, 
C-O~¢. 


er a 


Configuration where the Hg° atom interaction shifts 


from the oxygen to the hydrogen atom. 


FIGURE 29: Schematic configurations in Hg(?’Po) 
quenching by oxygen containing organic 


compounds. 
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case of the alkane analogue. This model is consistent with 
the observation that deuterium substitution results in a de- 
crease in the (09)2 value since the amplitudes and frequen- 


cies of the vibrations are smaller. 


An increase in the temperature would result in the 
population of higher vibrational levels of the mercury- 
oxygen bond in the complex. Consequently, the increase in 
the bond length would reduce the probability for attaining 
the configuration necessary for decomposition to occur and 
also increase the rate of redissociation back to reactants. 
Thus, a decrease in the quenching rate would be expected at 
higher temperatures, in agreement with experiment. As a 
corollary, an increase in the temperature should affect 
deuterated compounds to a greater extent than the protiated 
molecules and would be reflected in larger temperature 
variations in (0°)2 values. This prediction cannot be veri- 
fied by the data in Table VIII due to the large standard 


deviations of E, values. 


The proposed model accounts for the kinetic isotope 
effect, the lower reactivity of the Hg® compared to Hg* 
atoms and, due to the small (0°)2 values, the ability of 
band emission to compete with decomposition as a mode of 
relaxation of metastable atoms. A discussion of band 
emission observed in the Hg* sensitization of ethers will be 


entered into more fully in the next chapter. 
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The results of Hg® atom quenching by sulphur-containing 
compounds may be interpreted in a fashion compatible with 
the limited information available in the literature. Of the 
sulphur compounds studied in the present work, only the Hg* 
sensitization of dimethylsulphide has been investigated 
(144,145). The primary decomposition reaction, attributed to 
quenching of Hg* atoms tc the ground state (144,145), re- 
sults in the fragmentation of the substrate into methyl and 
thivyisredicals sarising from G-S bend Yrupture » (1484). Spin- 
orbit relaxation, however, has been suggested (42) as a 
primary process, although detection of Hg atoms experi- 
mentally has not been attempted. The observation (144) that 
added carbon monoxide enhances the decomposition of the 
substrate indicates the involvement of Hg® atoms in the de- 


composition reaction (146). 


The smaller values of (09)2 compared to the (0*)2 
values of the sulphur compounds is consistent with diiferent 
quenching processes for the two excited mercury atoms. It 
would appear that spin-orbit relaxation of Hg* atoms is an 
important primary process whereas decomposition of the subs- 


trate results mostly from Hg® atom quenching. 


It may be assumed that the electrophilic Hg® atom is 
strongly attracted to the lone pair electrons on the sulphur 
atom in a (HgSR,)° complex. Unlike their oxygen analogues, 


d2composition of the sulphur compounds occurs directly from 
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this configuration since C-S bond cleavage is the almost 
exclusive decomposition mode. Quenching of Hg°® atoms by 
Ssulphur-containing compounds is expected to be more effici- 
ent than by oxygen compounds because, in this case, predis- 
sociation of the complex to yield decomposition products 
does not require the attainment of a configuration where the 
Hg® atom interacts with a nearby hydrogen atom. This 
Suggestion is supported by the higher A factors (see Table 


VIII) of the sulphur compounds. 


The negative temperature dependence and the high values 
of the quenching rate constants suggest that predissociation 
to a potential energy surface leading to product formation 
occurs at a lower energy than the Separated reactants. Since 
the crossover to products intersects with the (HgSR3) ° 
potential energy surface, the Eg values listed in Table VIII 
may ke considered to represent lower limits for the binding 


energy of the complex. 


The high (09)2 values, indicative of an efficient 
decomposition process, suggests that radiative relaxation of 
the (HgSR,)9 complex would be a minor process and the inten- 
sity of band emission would be very weak, if observable at 


all. 
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(a) Results and Discussion. 


The room temperature quenching rate constants for Hg9 
atoms by benzene, deuterated benzene and hexafluorobenzene 
were determined from the decay lifetime of the delayed fluo- 
rescence aS alfunction of substrate pressure 1n ug-N5 wmix- 


tures (Figure 30), and the results compiled in Table IX. 


There appears to be a factor of two difference between 
the (0°) 2 values of benzene and deuterated benzene. This may 
be a spurious result since the measured (09)2 value for CgH¢ 
is three times larger than that reported for the quenching 
of Hg* atoms (117). The very strong quenching by the 
aromatic compounds required an extremely small amount of the 
SUDStrate (approximately 2 x) 10-* to, 1x 10=S) torr Min ftehe 
case of benzene) to achieve sufficient quenching. Degassing 
from the walls of the circulating system cannot be discoun- 
ted and would have the effect of increasing the apparent 
quenching rate. For this reason, the data obtained for these 
compounds should be viewed with caution. Despite this pos- 
sible complication, .@t is apparent that aromatic compounds 


are very efficient quenchers of both Hg® and Hg* atoms. 


The "superefficiency" of the Hg® quenching rate may be 
seen by comparing (0°)2 values with the square of the hard 
sphere collision diameter, (d,)2. An approximate value for 


Os can be obtained by equating it with the internuclear 
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FIGURE 30: 1/t vs CeDe, CeFg and CeHe concentration. 
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TABLE IX 


Quenching of Hg(#P,) Atoms by Aromatic Compounds Ca), 


mn a a i a a a a es a a ee i ew ae a ae ae = = w= = 
Ss se re el 


(0*)2 Cb) kg €) (90) 2 
Comp'd A2 cc mole-tsec~! Re 
C. He 48+ 3 (9,424.65) x1084 Cd) 150 + 10 
Cede 74 £02 (4.69+.17) x10%* NOLAN 
C.F, (2.69+.20) x10 56 + 4 


ws<~ewse romeo en@tmomtooewo ear omoeowewre qe @oewer@oeoawmoworosw@wooerewe eo @aemeo @m@oeoe@2@eo= 


ae Error limits are given in standard deviation. 
b. Taken from reference 116. 


ce kg values are quoted since ky, values differ by neg- 
ligible amounts. 


d. Average of two runs. 
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distance, r, at the minimum in the Lennard-Jones potential 


energy function. This distance is given by the expression 
re = 206 L2h.] 


which is obtained by setting the derivative of the function 
to zero and solving for r. For the interaction between two 


unlike particles A and B, o is given by the mixing rule 
Om= (Oj, + On)i/2. 25] 


Using the values Cugk= eo GAS (4g) and Cou, = 5.349% (148), 
Oo can be calculated from equation [35] and substituted into 
equaticn [34] to obtain a value of r = og = 4.34%. Thus, the 
hard sphere collision cross-section, (¢0,)2, for a Hg* atom 
and a kenzene molecule is approximately 1982. This value 
should be about the same as that for a Hg® atom and benzene, 
and indicates that the quenching cross-section is about 
eight times larger than the hard-sphere collision cross- 


Secticn. 


4“. Ammonia. 


(a) Results and Disscussion. 


The rate of decay of Hg® atoms in the presence of 
ammonia was measured from cbservations of the time depen- 


dence of the (HgNHz)° complex emission intensity at 3€002 as 
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a function of ammonia concentration. The decay rate of the 
emission was determined from phase-plane plots (149). Since 
the emission lifetime of the complex is very short compared 
to its rate of formation (26,30), the decay rate of the band 
emission is an accurate measure of cheers of removal of 


Hg® atoms. The following mechanism has been adopted: 


Hg + hv(25372) — Hg* pak 
Hg* —> Hg + hv (25378) [2s 
Hg* + NH; — Hg + NH, + H [ 36] 
Hg* + NH; —> Hg° + NH, { 37] 
Hg®° + NH; —> (HgNH,)0° , { 38] 
(HgNH;)°" —> Hg® + NH, [-38] 
(HgNH;)9* -—> Hg + NH; + hv 39") 


(HgNH;)°" + NH, —> (HgNH;)° + NH; [40] 


(HgNH;)° — Hg + NH; + hv 41] 


Kinetically, reactions [38]-(41] are indistinquishable from 


the following 


Hg® + NH; —> Hg + NHz + hv [ 42] 


Hg® + 2NH; -> Hg + 2NH3 + hv, [43] 


where the superscript (9°) denotes electronic excitation, (') 
vibrational excitaticn and hv signifies the band emission 


radiation. 


The decay rate constant of Hg® atoms can be expressed 


by the formula 
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T/t = ky = Kgo(NH3] + kag (NH; J@- (aie) 


A plot of 177 + (NH, )] vs [NH,] at 28°C 1s Jshown in; Figure 
31A, ‘from which k4gz and ky; were found to be (1.24+0.2)x10!1 
cc mole~tsec—! and (6.9+0.5)x10!17 cc@mole-2sec-!, in fair 
agreement with published values (see Table IV). A similar 
plot for the data obtained at 70°C showed appreciable 
curvature. At this temperature, a plot of 1/t vs [NH,] was 
an adequate representation of the results (Figure 31B). The 
Slope of this line at 70°C is (3.940.3)x10!1 cc mole-!sec-?. 
This result suggests that the third order reaction [43] is a 
“eer process with respect to the second order process [42] 
at this temperature. The value of ky4p appears to have in- 
creased three fold at the higher temperature. The activation 
energy and the log of the pre-exponential factor for 
reaction fz], SS. tole2 kcalymole and “13.8 40.8,  tespec— 
tively, were calculated by the method outlined previously in 
the determination of Arrhenius parameters for ethanol and 


dimethylether quenching (see page 116). 


At room temperature, the decay lifetime of Hg9® atoms 
reached a limiting value of 1.6+0.3 microseconds as the 
ammonia pressure was increased up to 600 torr. This limiting 
value can be identified with the radiative lifetime of the 
(HgNH3)° complex (29) and indicates that the complex is not 


readily quenched by ammonia. ~ 
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Rate data plots for the relaxation of 
Hg(?P)) atoms by ammonia. 
top: 1/t + [NH3] vs ammonia concentration 


bottom: 1/tT vs ammonia concentration. 
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The results of the ammonia study can be interpreted in 
terms of the potential energy diagram (Figure 32) and the 


following reaction 
Hg® + NH; —> Hg + NH> + H. [45] 


At room temperature, the interaction between Hg* and 
ammonia results in the decomposition of the molecule or in 
quenching to the metastable level. Spin-orbit relaxation is 
expected to be the favored process due to the energy barrier 
for decomposition. The complex formed between a Hg9® atom and 
an ammonia molecule can be stabilized in a further. collision 
with NH3, leading to the presence of second and third order 
kinetics. Due to the energy barrier, reaction [45] will be 
less favorable than band emission. This interpretation 
accounts for the low quantum yield of decomposition and the 
observed second and third order kinetics at this tempera- 


ture. 


At higher temperatures, decomposition of NHz increases 
in importance due to the increased rate of crossover to 
products from both the (HGNH,)* and (HgNH3)° systems. Emis- 


Sion will become less likely for two reasons, 


(i) the complex formed with Hg® in a bimolecular 
collision with ammonia will not be stabilized as 
easily by a consecutive collision since the length 


of time spent in the potential well will be shor- 
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Hg + NH, + H 


PiIGuRe 32:: 


Internuclear Distance —— 


Schematic potential energy diagram for the 
interaction of Hg(*P,)) and Hg(*Pj;) atoms 


with ammonia. 
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ter, and 
(11) the complex will have a greater tendency to revert 


back to the separated particles. 


This will result in a slower rate of relaxation of 
metastable atoms and a lower band emission intensity, and 
accounts for the increase in the quantum yield of decon- 
position as well as the absence of a detectable third order 
process. This argument is supported by the observation that 
the kand intensity at the higher temperature was about half 
that at the lower temperature. Since the second order rate 
increases at the higher temperature, reaction [45] has been 
postulated. However, the overall rate of decay of Hg® atoms 
is slower since the third order rate process is less impor- 
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CHAPTER V 


EMTSSEON FROM EXCITED MERCURY-SUBSTRATE MIXTURES 


It has been shown from this laboratory (22,03) ‘Ghat 
measurements on band emission from mercury-substrate excim- 
ers gives pertinent information for the elucidation of the 
energy transfer process. Phillips and co-workers (25,32) 
have reported spectra of Hg-alcohol and Hg-Xe systems which 
they attributed to transitions from "charge transfer" con- 
plexes involving a Hg® atom. In view of the similarity be- 
tween alcohol and ether quenching of Hg®° atoms, an investi- 
gation for band emission in ether Sensitization was carried 
out. A study of the band emissicn from various Hg-N2z-Xe 
mixtures was undertaken to define the role of Hg* atoms in 
this system. Several other substrates of interest were also 


examined for possible band emission. 


ln) ReSULES. dnd Discussion. 


(a) Hg + Ether Systems. 


Band spectra observed with dimethyl, diethyl, t-butyl- 
ethyl ethers and tetrahydrofuran in Hg* photosensitization 
are displayed in Figures 33 and 34. The sharp lines in these 


figures are due to stray light from the mercury lamp. These 
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PIGURE 33): 


Microdensitometer traces of (CH3) 20 and 


(CoHs) 20 band emission spectra. 
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FIGURE 34: 


Microdensitometer traces of C2Hs50C(CH3) 3 


and tetrahydrofuran band emission spectra. 
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compounds each exhibit one structureless band which is com- 
pletely separated from the resonance line. Increasing the 
Size of the alkyl groups causes an increase in the sepa- 
ration of the band maxima from the resonance line. The emis- 
Sion band intensities cf these gases vary considerably in 
the order (CH;),0 > CaH;OC(CH;), > (CzHs5),0 ~ tetrahydro- 
furan. A summary of the data obtained from Hg-ether band 


emission studies is found in Table X. 


The band emission intensity and the position of the 
band maxima of the ethers closely parallels the luminescence 
efficiency and the band maxima of the alcohols (32). This 
result substantiates the suggestion that the sensitization 
of bcth alcohols and ethers can be interpreted using the 
Same mechanism (see Chapter IV). Since Hg® atoms are pro- 
duced in both systems (42), band emission in the Hg* sensi- 
tization of ethers probably originates from an (Hg-ether) ° 


complex. 


The high intensity of band emission (23) and the low 
quantum yield of decomposition (121) in the Hg® sensiti- 
Zation of H20 can be rationalized in terms of the mechanism 
proposed for the Hg® sensitization of ethers described in 
Chapter IV. Strong interaction with a remote hydrogen aton, 
which leads to decomposition, is very unlikely when the Hg? 
atom is bound to the lene pair electrons on the oxygen atom. 


Therefore, emission from the (Hg-OH;,)° complex is likely to 
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TABLE X 


Relative Intensity and Separation of the Fmission Band 
Maxima From the 2536.52 (39,424 cm-1) Resonance Line 


for Various Ethers. 


a a a a a a a a a a a a a a a a ae a ae = se 
ee 


pressure Aw be intensity relative 
Compound (torr) cmt to (CaHs)20 64) 
CH;0CH; 235 = Sin 10 ~ 18 
CoHs0C>Hs 240 = 57010 1 
B: 18C ley Sekt) ~ 4 
C2Hs5O0C (CH;)5 88 ~5iiey 0 as 


a. The relative intensities were calculated by linearly 
extrapolating to equal pressures and exposure times to 
that of diethylether. This approximation is estimated to 
have an error of +15%. 
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occur from a potential energy surface which describes the 
‘OeeeHgo complex. On the basis of the similarity with (Hg- 
H20)9 band emission, it seems that radiative transitions 
fron earners of Hg® atoms with alcohols and ethers origi- 
nates from a potential energy surface which describes the 
Hg9-oxygen interaction free from perturbation by a hydrogen 
atom on the alkane substituent(s). Since the Hg-oxygen 
bound complex does not decompose via a C-O bond split, this 
surface must intersect with a Hg®-hydrogen potential energy 
surface that is predissociative to a repulsive surface which 
correlates with a hydrogen atom (or HgH) and an alkoxy radi- 


Cal. 


The band emission intensity will be inversely propor- 
tional to the efficiency of the competing non-radiative 
relaxation process, i.¢€. crossover to the Hg9-H potential 
energy Surface compatible with a-hydrogen abstraction. Al- 
though dimethylether has two more “-hydrogens than diethyl- 
ether, the much lower quenching cross-section of the former 
Suggests that the higher C-H bond energy decreases the rate 
of the decomposition process and thus band emission competes 
more favorably. t-Butylethylether would display more intense 
band emission than diethylether since decomposition is less 
probable on account of the presence of only two a-hydrogens. 
On this basis, diethylether and tetrahydrofuran would be ex- 
pected to show the same band intensity, in agreement with 


the experimental results. 
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With the exception of tetrahydrofuran, the trend to 
wider separation between the band maxima and the resonance 
line with increasing size of the alkyl groups can be ex- 
plained in terms of their inductive effect and the electro- 
philic nature of the Hg® atoms. An increase in the inductive 
effect with increasing size of the alkyl substituents would 
result in a greater electron donating ability of the oxygen 
atom and, conseguently, stronger interaction with Hg° atoms. 
This would be manifest by a deeper potential well so that 
the Bead maxima would lie at progressively longer wave- 
lengths. The deviation from this trend in the case of tetra- 


hydrofuran may be due to its cyclic structure. 


(b) Hg-No-Xe and Hg-No-C3zHg Systems. 


Band emission was obtained from the sensitization of 
xenon and propane in varying concentration of nitrogen, 
keeping the total pressure at 200 torr to minimize the ef- 
fects of pressure broadening on the absorbed light inten- 
sity. A reduction of propane concentration from 100 to 11% 
reduced the emission intensity by about 20% at 25708 (Figure 
35). The spectra obtained with various Hg-Ng-Xe mixtures, 
displayed in Figure 36, clearly shows that as the nitrogen 
percentage is increased, the band emission due to the Hg-Xe 
excimer is decreased. This result, which is contrary to the 


findings of Phillips and co-workers (25), implies that xenon 


7 7 : a : | 7 : . 
acre sit at 1701 20 motiqeore 942 
ae rile aeee a7 sf: tess ted 

- sd 909 aquoa Tale @ : i et 
-o1s5els edt bas t2e7%e svivoubad ates 20 | £ beat 
avisowbat adt at ere ah vemozs eH aa to ert it 


bivow ataeusivedea Lytle ‘edd to oxie ‘Patesezoat attw 


N@epvxo - tal 20 meerics patsauod 10722855 ret Sat 04 = | 
«20036 opti dtay nossoazot at sopaorse y¥itneupeamos |, 506 goss a 
ved? op ffow Letinetog teqesb s yd testiaes od Stuer | : 
“ovee asphol ylevieeetporq ts eff bicow salzas aed ed? a 
~s1393 Io seso odt ai baemd aidt aozi scotzsiveh edT easpnet 


sotusoutte aifoy> ett of avb od yse wexotozbyd 
<Amps2Y2 yy D-_W-pa “baw oxX~ou-9H” td) : 
r°s¢ 41 @3 | 
io Holsexiviansa sdt #012 Boatssdo enw sereatag, wher 5 
.eeportin 26 © «6fettsssasone0> patyrey ot sasgorq bas noce : 
~to edi oximinim oF tt09 90S 75 ezuaes7q Lator odd patqood « 
eneint awdptl bheduoeds odt no giiasbsoud ezuaas7g 29 ztoe2 
art of 99° woth anitesathesones onggory to sofsoubez A atte 
ecopit) ROV2S ss ROS synds yd ystevetat aoteelas ois heovbex 
sotdzaia ok-ci~ph sbokrey dtiw bentstdo sitjpeq2 edt aft 
Reporrta oft Be tedy ewode eraegee. aE suet at beysigelh — 
oX-pH eit oF ond co taekee baad ea  beessz0n8 ‘eh eparaeozeg a 


sdt Of Yrextuoo at dodew tinder att bee se 7998 at reatoxe, i ef 
nonex eit aetiqns , (eS) wrastep~an bas aus banal 


0.044 Density units per division 


2700 2650 2600 2550 2500A 
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FIGURE 35: Microdensitometer traces of band emission 


spectra of No + C3Hg mixtures. 
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forms a complex with Hg* rather than Hg9® atoms since as the 
Hg* concentration is decreased by increasing the nitrogen 
concentration, the observed band emission decreases. The 
Suggestion that Xe, like methane, is a very inefficient 
quencher of Hg® atoms is in line with the band emission re- 
sults. No definite conclusions can be drawn from the Hg-No2- 
C3Hg data since the relative wyonandlares one of Hg* and Hg® 
atoms is affected by the relative quenching by both gases. 
However, the decrease in the band intensity with increasing 
nitrogen quenching suggests that most of the emission is due 


to a (Hg-C3H,) * complex. 


(c) Hg + Various Substrate Gases. 


Band emission was not detected in the Hg* sensitization 
DE iGo ayer Ca Mepa Cote t y Colors Cota Hoy O57) iCOs, NO, NOs, 
N20, CH3CHO, CH3O0CH=CH,, SiDg, SiH2 (CH3;)o- thiophene, furan 
or in N20-C3H, mixtures. The fluorescence spectra of benzene 
and perfluorobenzene were observed owing to excitation by 


direct absorption of 25374 radiation. 


The (d*)2 values of these gases, where known, are all 
quite high which suggests that the mercury excimer, if it 


exists, is relaxed exclusively by non-radiative processes. 


O(3P) atoms are generated in the Hg* quenching of N30 
(150) and, in the presence of an olefin, add to the double 


bond to form an unstable epoxide (151). The O(3P) combina- 
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tion with propylene evidently does not produce an excited 
complex of sufficiently long lifetime to allow radiative 


decay in the 1900-50008 region. 
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CHAPTER Vi 


COMPLEX TIME DEPENDENCE OF 25374 EMISSION 


IN Hg(3P,)-SUBSTRATE MIXTURES. 


During the course of the Hg® atom quenching experi- 
ments, na effect of the pure substrate alone on the 25378 
intensity was investigated. It was found that the decay of 
the resonance radiation showed more than one intensity maxi- 
mum in the presence of some substrates. A detailed study of 
this phenomenon was carried out to obtain more information 
concerning this unexpected behavior. The results are presen- 


ted here. 


The time dependence of 2537K radiation intensity was 
measured in mixtures of mercury with the noble gases, meth- 
ane, ethane, tetrafluoromethane, nitrogen and dimethylether. 
A second intensity maximum was observed, which, depending on 
the nature and pressure of the foreign gas, appeared as two 
separate peaks, a partially resolved shoulder in the flash 
decay region or as two superimposed peaks that appeared as a 
distorted flash profile. Typical examples of these three 
types of intensity curves are displayed in Figure 37. No 


irregularity in the 2537 intensity was observed in the 
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Typical time dependence of the 2537A 
untensity. A: flash protile, B and C: 
distorted flash curves, D and E: partially 


resolved shoulders, F: two separate peaks. 
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absence of a foreign gas. The time, t', at which the flash 
reached its maximum without substrate present, occurred be- 
tween 2.2 and 2.4 microseconds after the lamp was triggered 
at time t®. The time of successive intensity maxima, denoted 


waco eCC., tanged from i.2 to 90 microseconds. 


Hg-noble gas mixtures all displayed a second intensity 
maximum and a third in the Hg-Ar system. t" was measured for 
these gases as a function of substrate pressure at room 
temperature (Figures 38-40). In all cases, t" increased as 
the pressure was increased beyond six torr. t" increases in 
the order He~ Ne < Ar < Kr < Xe for a given pressure of 
gas. The intensity of the peak at t" decreased as the 
pressure was increased. The third intensity maximum in the 
Hg-Ar system occurred close to the flash decay curve but was 
not always observable due to its low intensity or overlap- 
ping by the second intensity maximum. No pressure effects on 


t™ were deduced for this reason. 


A distorted flash curve was observed in Hg-He mixtures 
as the pressure of helium was increased up to 2.C@ torr. 
Abruptly at this pressure, a second intensity maximum ap- 
peared at 11.1 microseconds. t" then decreases as the pres- 
sure is increased to about six torr and then begins to in- 
crease as the pressure is further increased (Figure 39). 
This is a marked distinction from the behaviour of neon or 


argon where t" steadily increases with increasing pressure. 
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FIGURE 38: t” vs neon, argon and xenon pressure. 
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A CaLeruls search tor this eifect was not carrived out for Kr 


or Xe below five and twe torr, respectively. 


The values of t" between two and ten torr He were not 
affected by increasing the lamp fill from two to six torr He 


or by changing it to two torr argon (Figure 40). 


The mathematical expression which best fits the t" vs 
pressure curves in Figures 38-40 is most probably an expo- 
nential fuction. Plots of Iln(t") vs noble gas pressure are 
shown in Figure 41-42. For comparison, a quadratic pressure 
dependence, which would be indicated by straight lines in 
(t"-t')/pressure vs substrate pressure plots, are shown in 


Figure 43 for argon and xenon. 


The effect of temperature on the history of 25378 Jaght 
intensity using helium and argon as substrates is shown in 
Figures 44-45. The concentration of the two gases was 
f.08x% J10-* “and 1.2.51 xM)0-5 molest liter-*! respectively. jAn 
increase in t" and a marked decrease in the intensity of the 
second maximum as the temperature is increased 1S apparent 
from the figures. Plots of t" vs temperature (Figure 46) 
suggest a linear relationship between these two variables. 
This is a tenuous conclusion, however, due to the lack of a 
sufficient number of data points. The time delay of the 
third intensity maximum is temperature independent at ap- 
proximately six microseconds but its intensity is enhanced 


by rising temperature. 
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FIGURE 44: Time dependence of 2537A intensity in the 


Hg(°P,) + He system at various temperatures. 
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Hg(°P,) + Ar system at various temperatures. 
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The relationship between substrate pressure and t" for 
nitrogen and dimethylether was investigated at room tempera- 
ture and at 759C (Figures 47 and 48). Both of these gases 
exhibit a pressure dependence similar to that of helium be- 
low six torr. The second intensity maximum first appears at 
six microseconds at pressures of 0.15 and 0.960 torr, re- 
spectively, in the room temperature experiments. The second 
intensity peak then rapidly approaches the first as the 
pressure is increased, where overlapping with the flash in- 
tensity results in a distorted flash curve. Raising the cell 
temperature to 75°C shifts the pressure at which the second 
maximum is initially observed to 0.25 and 0.094 torr for 
No and (CH;)20, respectively, and decreases the rate at 
which t" converges toward t'. The intensity of the second 
peak waS somewhat reduced at the higher temperature, but not 


as severely as in the case of helium or argon. 


A series of runs to determine the relationship between 
t" and nitrogen pressure were done using 16kV firing vol- 
tage, rather than the usual 12kV, at 27°C (Figure 47). Under 
these conditions, the second intensity maximum first appear- 
ed at 0.09 torr and it converged towards the first peak as 


the pressure was increased at a greater rate than at 12kV. 


Plots of In(t") vs Nz and (CH3;)20 pressure for the two 
different temperatures are displayed in Figures 49 and 50. 


Acceptable straight lines were obtained in all cases. A 
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summary of the results for the noble gases, nitrogen and di- 


methylether are found in Table XI. 


A abana intensity maximum appearing as a shoulder on 
the flash profile was observed in | flashed (mixtures of Ng 
With CH, and CjHg between 0.5 and 3.0 torr pressure at room 
temperature. CF, in the presence of Hg* showed only a 
distorted flash curve between 0.2 and 0.5 torr. A detailed 
pressure study was not carried out with these three gases 
due to the poor resolution of the two peaks. No auxiliary 
maxima were detected with hydrogen or ethylene in the region 


of 0.005 to 2.006 torr at ambient temperature. 


Neither t" nor the relative intensity of the two peaks 
in Hg-He or Hg-Ar mixtures waS Significantly altered by 
changing the mercury vapour pressure from 2.1 x 107* to 
4.9 x 10-3 torr. The cell temperature for these experiments 


was maintained at 279. 


Helium and argon were employed as substrate gases in 
experiments to determine the wavelength distribution of 
emitted radiation. No intensity was detected except at 253728 
when the photomultiplier was moved to scan beyond a two ang- 
strom region on either side of the resonance line. The slit 
widths to the spectrograph and photomultiplier were set at 


35 microns, which allowed about a two angstrom bandwidth. 
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In(t") vs dimethylether pressure. 
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Collected Data from Time Dependence of 2537% Intensity 


Measurements in Several Hg(3P,) + Foreign Gas Systems. 
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Cell Pressure at Slope of yin (tt) 
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compound (ev) (°C) (torr) (torr-#) ¢b) 
He 24,48 26 260 oad On Ze + 0. 0s Cc) 
0.029 + 0.002¢d) 
Ne Zee 26 - O.. 027 -¢ 20.001 
Ar 1S uo 23 ta C.90103 + 9.903 
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a Oat. = 10.0 a OSS) 
No VS a5 Ab 2d O22 =n0 696 = fe eC a ls 
28 0.09 ce) -23.8 + Eyes ced 
15 0.094 Sal reer 
a. “Handbook of Chemistry and Physics", 50th ed., Chemical 
Rubber Publishing Co., Cleveland, Ohio, 1969. 
b. Error limits given in standard deviation. 
c. Determined between 2 and 6 torr. 
d. Determined between 10 and 40 torr. 
e. Values obtained at 16kV firing voltage. 
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2. Discussion. 


The detection of more than one flash of 253728 radiation 
emitted from some Hg*-foreign gas mixtures has apparently 
been previously unreported and, therefore, various explana- 
tions merit consideration. Several observations, however, 
suggest, 4. likely ~approach tO ‘a raticnalization “of the 


phenomenon. 


It is instructive to note that only those gases which 
exhibit band emission (23) are effective in producing a sec- 
ond flash. Hydrogen and ethylene do not display band emis- 
Sion nor do they show more than one flash. It would appear 
that the formation of a Hg* complex capable of radiative 
relaxation is a necessary requirement in order to observe 
additional flashes. Although band emission originates from 
Hg®° complexes in ether sensitization, this does not. neces- 


Sarily rule out complex formation with Hg* atoms. 


The intervention of an exciplex is also suggested by 
related observations in band emission studies (23) and the 
present work. For the noble gases, band emission studies 
have demonstrated that, due to the van der Waals nature of 
the interaction, there exists a trend between the polariza- 
bilities of the reactants and the wavelengths of the band 
maxima. This trend is paralleled in the present study by a 


correlation between the icnization potential and the slope 
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of IiIn(t") plots (Figure 51). The correlation seems to lose 
its validity in the case of helium, however. Extrapolation 
of the line predicts a negative value for the slope of the 
In(t") plot for this substrate. Helium does possess a  nega- 
tive value but also a positive value (see Table XI), both of 
Which lie outside of the range allowed by experimental 
error. Lack of sufficient information about molecular subs- 
trates prevents an analysis of the results obtained with 


nitrogen and dimethylether. 


This phenomenon displays properties in common with 
lasers. The auxiliary maximum is reminiscent of the spiking 
which is often observed, such as in the chemical lasers 
produced from O(3P) atom reactions in the gas phase (152) or 
rare earth ion chelate lasers (153). It is interesting to 
note that in some cases, spiking occurs before the flash 
intensity maximum was reached, as occurred in some of the 
present experiments. It has been known for some time (154) 
that laser emission can be detected enone mirrors if the 
laser medium is excited by an intense electrical discharge, 
in which case the laser is said to be superradiative. 
Lempiki and Heller (155) detected laser emission using a 
flash apparatus from a Nd+*3 ion in SeOC1l, solution contained 
in a tube that was roughly sealed off at each end. These 
observations provides evidence that under certain condi- 
tions, laser emission may be detected in simple systems like 


the present apparatus. Recent publications (156-162) have 
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reported laser emission in the vacuum ultraviolet from Xe 3* 
molecules. The delay time for laser initiation (162) and for 
peak output (157) decreases as the pressure is increased. 
Premature termination of laser emission was attributed to 
heating of the xenon gas (162). The effect of pressure and 
temperature on the temporal behavior of the second emission 
flash in the present study may be due to the influence of 
these variables on the populations of the two states in- 
volved in laser emission. The changes in the time dependence 
of the 253728 radiaticn in Hg-N, mixtures as a result of 
increasing the firing voltage points to the fact that laser 


output depends on the intensity of optical pumping (163). 


Cn the basis of the foregoing discussion, it would seem 
that a laser is possible in Hg*-foreign gas systems where 
complex formation occurs. It is obvious that the production 
of (Hg-substrate) * exciplexes immediately creates a popula- 
tion inversion owing to the practically non-existent ground 
state population of these molecules. The fact that the emit- 
ted rediation 15 ih the teqion around 25374 1s not inconsis— 
tent with this suggestion since the band spectra exhibit ap- 
preciable pressure broadening of the resonance line. The 
second flash intensity may simply be due to the band emis- 
sion radiation in this wavelength region. A reason why band 
emission could not be detected except around 2537% may be 
thac only ~a Stall” fraction of the total band radiation is 


emitted at these other wavelengths. The observable intensity 
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would be further reduced on account: of the narrow slit 


widths used in the measurements. 


The comparatively high intensity of the second flash 
implies that efficient production of (Hg-substrate) * com- 
plexes takes place. This does not disagree with low (o*)@ 
values reported for some of the foreign gases studied, since 
a large portion of the quenching act would result in re- 
emission of radiation around 25378 that would be ascribed to 


unquenched Hg* atoms. 


The proposed model suggests that the complexes have 
radiative lifetimes at least as great as the longest obser- 
ved delay times for the second flash. This would mean that 
Hg* complexes with the molecular substrates studied have ra- 
diative lifetimes of a few microseconds but that complexes 
with the noble gases have radiative lifetimes between 10 and 


100 microseconds. 


A schematic reconstruction of the events which give 
rise to the intensity profiles shown in Figure 37 may be 
formulated. AS Hg* atoms are generated by the primary 
excitation a certain fraction will undergo radiative relaxa- 
tion, evidenced by the first intensity peak, while some will 
form (Hg-substrate)* exciplexes. A laser burst from these 
exciplexes may be emitted after a period of time determined 
by various process, some of which depend on the pressure of 


the foreign gas. In Hg*-noble gas systems, however, the 
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laser emission may be preceded by a long period of time in 
Which low intensity spontaneous radiation depletes the upper 
State population. This accounts for the decreasing intensity 
of the second flash as the delay time for laser initiation 
is increased. More than cne laser flash is possible if the 
fIcSstecCcurs prior tO extinction of the exciting slight of 2f 
some exciplex population remains after the first laser 


burst. 


Owing to the unsuitability of the apparatus used, 
appropriate spectral studies of the emission flashes could 
not be accomplished. For this reason, the mechanism respon- 
Sible for the appearance of the second and third emission 


flashes could not be conclusively established. 


This phenomenon would not affect the results obtained 
in the Hg® quenching by molecular substrates described in 
Chapter IV since it cannot be seen at the high pressures 
used in the experiments. Moreover, the data points used to 
determine 1/t were taken approximately 50 microseconds after 
the flash. This is beyond the limits at which auxiliary 


maxima were observed for the molecular substrates. 


Brief mention is made here of observation of weak 
flashes of visible light emitted from the capillary tube of 
a McLeod gauge, seen when certain gases were being prepared 
for the present study. A closer investigation disclosed that 


the flashes are produced by an electrical discharge which 
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usually attends the separation of electrical charge brought 
about by the movement of a body of liquid mercury in contact 
with a glass surface. Because of this origin, the flashes 
are unrelated to optical phenomena involving gaseous mercury 
and substrate in the vapour phase only, such as band emis- 
sion (Chapter V) or the time dependence of radiation at 
2537h noted above. For this reason, a detailed account of 
the study investigating the phenomenon responsible for the 
visible flashes would be out of place here, but is presented 


in Appendix D. 
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CHAPTER VII 


SUMMARY AND CONCLUSIONS 


The rien of Hg* and Hg® atoms with various subs- 
trates has been examined in detail. Particular emphasis was 
placed on elucidating the involvement and reactivity of Hg? 
atoms since this point has been the subject of much debate 


in the literature. 


The results of Hg® atom quenching for alkanes demon- 
strate that the Hg* initiated reactions of these substrates 
can be interpreted in terms of the energetics involved. 
Qualitative potential energy surfaces, displayed in Figure 


17, explain a number of observations made in these systems: 


(i) the quenching of Hg® atoms proceeds via formation 

of an excited complex which may relax via 

(a) redissociation to reactants 
(b) fragmentation of the substrate to yield 
ground state mercury atoms, and 

(c) thermal re-excitation back to the Hg* level. 
(ii) quenching cross-sections for Hg® atoms are all 
less than the corresponding (d0*)2 values due to a 
shallower potential well which results in a higher 


probability for redissociation of the (HgHR)9° than 
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the (HgHR) * complex. 

the trends cbserved for Hg® atom quenching by 19, 
29 or 3° C-H bonds and the effect of deuterium 
substitution implies that quenching efficiency ne 
a sensitive function of the activation energy in- 
volved in the abstraction of a hydrogen or deut- 
erium atom. 

the effect of temperature on the quenching cross- 
sections depends on the particular alkane. Strong 
quenchers of Hg®° atoms exhibit a negative tempera- 
ture effect which may be attributed to the inter- 
section of a potential energy surface, which 
correlates with decomposition products, within the 
potential well of the (HgHR)° complex. In this 
case, increasing the temperature would favor re- 
dissociation of the complex over the decomposition 
process, which may be assumed to be temperature 
independent. Therefore, the quenching rate would 
be reduced. Weak quenchers, on the other hand, 
show little variation in (09)2 values with an 
increase in temperature. For these alkanes it is 
suggested that, despite a possible increase in the 
rate of decomposition, another relaxation process 
(probably intersystem crossing to the ground state 
of the complex (108)) decreases to such an extent 


that little alittle or no net change in the 
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quenching rate results. 


It was shown that emission from Hg* atoms, formed from 
Chermal Te-excitetaon Of Ho° “atoms to the 2P, level, is the 
principle mode by which Hg® atoms are relaxed in the Hg-No2 
system. This fact has a profound effect on the measurement 
of (09)2 values for very weak quenchers of Hg® atoms such as 
CHyg and Xe. It was demonstrated that these two gases inter- 
act primarily with Hg* atoms. Further evidence to support 
this view in the case of Xe was obtained from observations 


of band emission in various Hg-N3z-Xe mixtures. 


Band emission in the mercury sensitization of ethers 
was photographed for the first time. The emission was at- 
tributed to radiative transitions from (Hg-ether) ° complexes 
from comparision with (Hg-alcohol)° spectra and the simila- 
rity cf their reactivity towards Hg® atoms. The intensity of 
the band emission depends on the degree to which emission 
from the complex can ccmpete with decomposition. On the 
basis of H/D kinetic isotope effects in the quenching of Hg®9 
atoms, decomposition of the ethers proceeds Via o-hydrogen 
abstraction. The trend in the position of the band intensity 
maxima is due to the varying ability of the alkane subs- 
tituents to donate electrons to the oxygen atom by the in- 


ductive effect. 


The spectroscopic and kinetic data presented demonst- 


rate that Hg® atoms play an important role in Hg-ether 
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photosensitized systems. Consequently, the interpretation of 
experimental results based solely on reaction of Hg* atoms 


(126-129) is not entirely complete. 


A detailed quenching mechanism for Hg® atoms by ethers 
and alcohols has been proposed, based on data obtained from 
quenching measurements, band emission and photosensitized 
decomposition kinetic studies (125-129) of these systems. It 
would appear that Hg* atoms are quenched primarily to the 
metastable state. Hg® atoms form complexes with ether mol- 
ecules which possess greater stability than the alkane exci- 
plexes owing to the greater nucleophilicity of the oxygen 
atom. Band emission arises from radiative decay of the com- 
plex while the Hg® is held to the oxygen atom and free from 
perturbation by hydrogens on the alkane substituent. The 
configuration of the Hg®-oxygen bound complex may become 
distorted in such a way as to allow a change to a configura- 
tion where the Hg® atom interacts strongly with a nearby hy- 
drogen atom. Decomposition of the ether may then result. 


This model accounts for 


(i) the observed deuterium isotope effect in the 
a-posSition to the oxygen, 

(ii) the decrease in the (6°)? values with increasing 
temperature due to the lower probability of at- 
taining «the configuration Suitable for . decon- 


position and 
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(iii) the lower reactivity of Hg® than Hg* atoms, 
because of the different mechanisms by which these 


two atoms are quenched. 


Sulphur-containing organic compounds appear to quench 
Hg* atoms predominantly via spin-orbit relaxation. Hg® atoms 
form complexes with these substrates which may redissociate 
or decompose via C-S bend rupture. The different quenching 
mechanisms involved are ccmpatible with (0°)2 values being 
lower than the (o0*)2 values for the same substrate. Unlike 
the case for the oxygen-containing compounds, a transfer of 
the Hg® interaction site from the sulphur to a hydrogen atom 
is not required in the decomposition process. The crossover 
leading to fragmentation of the substrate lies below the 
energy of the separated particles, since increasing the 
temperature results in a decrease in the quenching nates 
Radiative relaxation of (HgSR;z)° complexes can be expected 
have a very low probability due to the high efficiency of 


the decomposition reaction. 


Relaxation of Hg® atoms in the presence of ammonia 
proceeds by second and third order kinetics at room tempera- 
ture but by second order kinetics alone at 709C. The fact 
that the quenching of Hg9 atoms decreases as the temperature 
is raised can be attributed to the decreasing contribution 
to the decay rate by the third order process. In order to 


account for the increasing quantum yield of decomposition as 
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the temperature is increased (101), the inclusion of a de- 


composition reaction involving Hg® atoms is required. 


(HgQ) ° complexes, where Q = Hg, alkane, alcohol, NH3 or 
a mercaptan, are remarkably stable to collisional deactiva- 
tion. This was indicated by the lack of a measurable effect 
on the (09)2 values due to varying the concentration of No, 
Or “by. the fact that ammonia did not affect the radiative 


lifetime of the (HgNH,)° complex at higher NH3 pressures. 


Aromatic molecules quench both Hg* and Hg® atoms with 
high efficiency. A deuterium isotope effect observed for 
CeHe and CéD6 implies that quenching proceeds by the for- 
mation of a complex which undergoes intersystem crossing 
prior to decomposing tc a ground state mercury atom and an 
excited aromatic molecule. Apparently the rate of inter- 
system crossing is decreased by deuterium substitution (116, 


UMA TEs 


A complex time dependence of the 2537% radiation has 
been observed in flashed mixtures of mercury and the noble 
gases, nitrogen and dimethylether. Several intensity maxima 
may be present, the number, position and relative inten- 
sities of which depend on the nature and pressure of the 
foreign gas, cell temperature and intensity of the incident 
radiation. Auxiliary maxima were noted only for those gases 
which display band emission. A correlation exists between 


the dependence of the position of the second maximum aS a 
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function of noble gas pressure and their ionization poten- 
tial. Since the noble gases and nitrogen both produce this 
effect, the presence of Hg® atoms does not seem to be in- 
volved. These and other characteristics of the time depen- 
dence of the 25378 intensity indicate that (Hg-foreign gas) * 
exciplexes are involved, possibly in a laser mechanism. Fur- 
ther experimental work is required to elucidate the proces- 
ses responsible for this unusual behavior of the 25372 in- 


tensity. 
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APPENDIX A 


DERIVATION OF THE RATE EQUATION 


IN THE Hg(3P,) + N5, SYSTEM 


The elementary chemical reactions which describe the 


Hg*-N2 system after the termination of the flash are: 


Hg* —> Hg + hv (25378) (24 
Hg* + No — Hg°® + No (v=1) Psa 
HOS /+ Ns =—> FHgseat? NS ite] 
HOOS tO + No > Hoe A (212)) oe Ne. P43] 


The rate of change of Hg* and Hg® atom concentra- 


tions is given by 


d( Hg* J/dt = kyofN2 JLH9°) - (ki, fN2] + ko) CHO*] [46] 


and 


dCHg°/Ydt = ky, (N2)[H9*] - (ky20N2] + kislHOIJETNZ I) (H9°], 


aa 


respectively. A solution of these two simultaneous differen- 
tial equations can be derived using the method of differen- 


tiation and eliminaticn. Making the substitutions 


Se igs] 
View eagen) 
a = k,,{N2] 
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= k,,({N2] and 
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h = k,.(N2] + k,,CHO)(N21, 


equations [46] and [47] become 


dx/dt ay =~ bx: {48 ] 


dy/dt Ox Vs [49] 
Differentiating equation [48] yields 

d@x/fdt2 = a(dy/dt) - b (dxdt) 58.) 
Equation [49] is substituted into equation [50] to give 

d2x/fdten= 20ge, suahye- b(dx/dat) .< fod 
By re-arranging equation [48] into the form 

Y =Ai(dx/de) + ‘bz}/a [52] 
and substituting into equation [51] offers 

d2x/dt2 + (bth), (dx/dt) + (bh-ag)x = 0. [53] 
Equation [53] has a solution of the form 

x = [Hg*] = C,exp(r,t) + Czexp (r2t) [54] 


where r, and rz, are the roots of the complimentary equation 
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Do eee (US aN Ce a [56] 


where U = b+ h and V = bh - ag. The square root terms in 


equations [55] and [56] can be put in the form 
(U2 - 4vyt72 = U(1 = 4VyU2) 172 [574 


so that a binomial expansion of the right hand side may be 


carried out. Equation {57] reduces to 
(U2 - 4v)172 = U(1 = 2V/U), [563] 


Since all termS except the first are negligibly small. 


Substitution of equation [58] back into [55] and [56] gives 


St USN) / Uma nd 
Eos V7.5 
U >> V under jhe experimental conditions so that 2, = -J and 


exp(r,t) << exp(r,t). Thus equation [54] reduces to 


x = [Hg*] = Czexp(-{V/U}t). [59] 


Now, after expanding and collecting terms, 


Vi bh — ag = K2UN 2 J(kio + ky3 GH J) * ky hy, Lug IL N, j= and 
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Both = Ky Ng eke ki [Not oka ONE No | 


Since the 25378 radiation is proportional to the Hg* atom 
concentration, the rate cf decay of the resonance line and 
the [Hg*] are identical and is defined by the rate constant 


Sst = V/U. 
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At low mercury concentrations, 

Rie ANo it Kat N> ) 9<s° Ka+ ky (No 
so that U may be expressed simply as 

US Ne lot Ko 
and 


Ko CN2 1(ki2 + kis CHG) + ky ki, CHO ILN, J 


Tee re ee eee 


N 
- ko + ky, [N22] 


At high nitrogen pressure where nearly complete quenching 
results, kz << k,,(N2j] and equation [14] may be expressed, 


after re-arranging terms, by the formula 
Sie = keki2/ky, + kiz CHO J[N2 ]. [60] 
Using the relationship between k,, and k,, 
Kio /Kiyy = 340 exp (=5.0 x, 109787) 
given in reference 88, equation [60] can be written as 
Ky, = 3.0,exp(—5..0 x 1037RT) ko + ki. (Hg INS dd, feces 


If the simultaneous differential equations [46] and [47] are 
solved for the Hg® atom concentrations, a solution identical 
to [59] can be derived except for a different constant in 
place of C5. Thus, the decay rates of Hg® atoms and the 


delayed fluorescence intensity are the same. 
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APPENDIX B 
DERIVATION OF THE Hg A(3C5) CONCENTRATION 
AS A FUNCIZON OF TIME 


The following reaction mechanism has been used to 


interpret the kinetics involving the mercury excimers: 


1G Ott Gi tN pea Cees nN 2 i135) 
Hg2* —> 2Hg + hv (33508) (16] 
Nose at Noo So oig. ++ (-0-) 4 Ne [4e75) 
Hg,* + No —> 2Hg + No [18] 
Hg2.** —> 2Hg + hy (485028) [19] 
Hg ,**, + No =>, 2H9.+ No. £207] 


Tt is assumed that the time dependence of the Hg® atom con- 
centration is known from the decay rate constant, Kye OL 


the delayed, fluorescence intensity at 25378, dsc. 
[{Hg®°] = A SES aL = A exp (-mt) 
Thesra.e equation for Hg * is 


di Hg,* Ydt = k,,CHOJLN2 IC HG°) - (Ki, + fki, tKia }ENZ IC H92*) 
[61 ) 


Applying the substitutions 
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equation (61] takes the form 
dn/fdt + pn = g exp (-mt) 
and has the solution 
n = (Hg2*] = g/(p-m) {exp(-mt) - exp(-pt)} 


using exp(pt) as an integration factor and the 


that [Hg,*] =0 at t = 0. 
the tatesequatlon Lor Hol** ws 
dC Hg,**]/dt = ki7z( No J0HG2*] - (Kis tkoo( No J) (CH92**] 
which can be put in the form 
du/dt + vu = wq/(p-m) {exp(-mt) - exp(-pt)} 


by making the following substitutions 


f=} 
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[ Hg,**] 


= Kig + kao ({N2] and 
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w = ky7(Na]- 


Equation [64] has the solution 
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using the boundary condition that [Hg,**] = 0 at t = 0. 
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the time dependence of the 48503 band intensity 1S expressed 
by 
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APPEND UX OC 


DERIVATION. OF THE. RATE, EQUATIONS 


IN Hg (3P,)-N2-FOREIGN GAS SYSTEMS 


The following mechanism describes the important reac- 
tions taking place in a Hg*-N,-foreign gas mixture after 


flash excitation has ceased: 


Hg* —> Hg + hy (25378) fe22 

Hg* + Ns —> Hg°® + N- (v=1) ia 
Holey No Hos + No {12] 
BOOS sHg + N22) Hoos A (1) = No Nea eat | 
Hg. 0" => Hg + produces [24] 
Hg stn gue at 30 [25] 
HOU tO. > HG et sproduc.s [26] 

where Q Signifies the quencher molecule and "products" in- 


dicate electronic excitation, decomposition, band emission, 


etc. 


The rate of change of Hg* and Hg9® atom concentration 


are, respectively, 


d[ Hg* ]vdt = k,,{N,]LH9G°] - {kotk,, (N2J+(k,,+k,5) (OV CH9* ) 
[66] 

d{Hg® Jydt = {ky (N2] + k,5CO}[HI*) 
-{(ki2€N2] + koefO)] + Kis CHINN, JIC H9°]. [67] 
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The method of differentiation and elimination described 
in Appendix A can be used to solve the simultaneous dif- 
ferential equations (66] and [67]. The Hg* atom concentra- 


tion as a function of time is given by: 
RAG * | wh exp (sk) 


Where ky is the reciprocal of the decay lifetime of the 


2537K delayed fluorescence, 1/t, given by: 


Vt = Ko 
[ teotki: (821+ (Keqtkos) (OU) Cie [Ne ItkaglO}#K,, C89 IN, D 
- kigl No] (Ki ON 2 ]+ke5 0) | 


kotki, (N22 J+ (keg tka5)(Q]+k,30H9 JD N2 I+k,20 No J+k,,( 0] 


[68] 
If the quencher concentration is kept small and the pressure 


Or Nitrogen 12s.] 100 torr, then 


ki, 0N2] >> Kot (Ka4+ko5)COQ]+k,,(OJ+kis(C 49 JEN. J+k,,0N2] 


and the denominator of equation [68] becomes simply k,,[N2].- 
By expanding the numeratcr and collecting terms, equation 


[68] can be reduced to the form: 


kp = kekio/Kir + kigCHOJEN2] + kKoelOQ] + Keg ki2/k,, (9) + 


{ {kot(ko4+ko5)(Q)}/ki. (N22) 3 keel Q] [69] 


since ki,{No}] >> kot (ko, +k25)(Q].- The coefficient of 


k5-(Q] tn the last term of equation [63] expresses the ratio 
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of the relaxation rate of Hg* atoms by emission and quench- 
ing by the foreign gas to the rate cf spin-orbit relaxation 


bY Digrogen. This eratio, a5 << J.and 


{ {ko : (kKo4 *ko5)(9]}/k,, [No] 3} k,,(Q] << ko,1Q] 


and can be neglected. Thus, equation [69] can be re-written 
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APPENDIX D 


CHEMICAL REACTIONS AND TRIBOLUMINESCENCE INITIATED 


BY # TR PBORLECTRECITY 


In the course of the present work, it was noticed that 
a red flash of light was emitted from the capillary of a 
McLeod gauge, containing neon gas, while the mercury was 
being drained. This cbservation prompted a close study of 
the phenomenon involved, the results of which are reported 


here. 


The voptz2cal “display has 2tsS* origin "tne -thee efanitiar 
phenomenon of a charge separation induced by the rubbing 
together of two dissimilar substances. This electrification, 
commonly referred to as triboelectrification, is believed to 
arise from the contact potential difference of the two subs- 
tances (164). Rubbing is not a necessary requirement but 
serves only to bring about intimate surface contact over 
larger areas. Since the majority of the research concerning 
static electricity has usually been carried out in connec- 
tion with its relevance to industrial processes, a detailed 
survey of the work is beyond the scope of the present study. 
- The term triboluminescence is applied to the optical phenom- 


ena which often accompanies triboelectrification. 


Triboelectricity and triboluminescence generated by 
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mercury in contact with an insulator has only recently 
attracted study ({165-171),,,although.it was) discovered. cent= 
uries ago (172,173). Medley (165) demonstrated that mere 
contact between mercury and a plastic sheet was sufficient 
to produce a static charge of up to 50C e.s.u./fcom2. Dybwad 
and Mandeville (170) attributed the electrification of mer- 
cury on a quartz surface to the migration of electrons from 
the mercury to the quartz. They estimated an electron den- 
sity on the quartz of about 6 x 10!2 electrons/cm2 as com- 
pared to a surface density of 2.4 x 1015 atoms/cm?2. A large 
total charge may be produced by sliding the mercury over the 
glass and depends on the rate at which the mercury is agi- 
tated, the surface areas in contact, the pressure between 
the two surfaces and the electrical conductivity of the in- 


Sulatcr. 


An electrical discharge will result if the mercury is 
slid along the surface exposing the charge on the insulator 
to the vapour above. This produces triboluminescence in the 
form of flashes of light which occur as electrons jump back 
to the mercury from the surface of the glass and a continu- 
ous discharge or glow, usually the dominant form, arising 
from the slow leakage of electrons from deeper electron 
traps (170). The flashes preceed the glow but, depending on 
the cleanliness of the surface and its conductivity, these 
flashes may be absent. The spectra (167,170) include lines 


from mercury, any foreign gas which may be present and atoms 
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of the glass material in both neutral and ionized states. 
The lines assigned to the atoms of the wall material such as 
Silicon and boron indicate that these are on the surface and 


not part of the internal crystalline structure (170). 


The present investigation was undertaken to examine the 
effect on the emission of varying the nature and pressure of 
a foreign gas, the nature and condition of the wall material 
subjected to different cleaning treatments and temperature. 
The chemical changes brought about in the foreign gas, which 
may be anticipated from an electrical discharge, were also 
investigated since no previous study of this aspect of the 


phenomenon appeared to have been made. 


Three tube materials, pyrex glass, vycor 7910 and fused 
guartz were examined. Various treatments of surface condi- 
tioning were applied before the tubes were filled with about 
thirty torr neon and five grams of mercury. The results are 
tabulated in Table XII. The relative intensities of emission 
were determined by visual observation as the tube was shaken 
in a laboratory shaker. The most intense emission is denoted 
by the number 1. Such observations are subject to large er- 
rors due to the inability of the eye to distinguish between 
differences in intensities when such differences become 
small. There appeared to be no significant difference in 
intensity between the brightest emissions from the three 


kinds of tube material. 
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TABLE Xil 


Effect of Wall Material and Surface Treatment on the 


Relative Intensity cf Triboluminescence from 


Ampules Containing Mercury and Neon (4), 
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quartz = 3 1 2 
VYCOL 2 4 3 Ly 
pyrex 3 2 4 ub 
a. Cardinal numbers refer to the brightness of the emission 


where 1 is the brightest. 

The tubes were washed with 25% HF and rinsed with water. 
The tubesjiwere washed with a Saturated solution of 
potassium dichromate in concentrated sulphuric acid and 


then rinsed with water. 


The tubes were washed with 10% aqueous KOH and rinsed 
with 95% ethanol. 


The tubes were not treated. 
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It appears that the diameter of the tube has little 
effect on the emission intensity. Pyrex tubes, waShed with 
KOH and rinsed with ethanol, were filled with 31.3 torr neon 
and 5 grams of mercury. The tubes were 7, 9, 10 and 13 mm 
(o.d.) and about 12 cm in length. No difference in emission 


intensity could be discerned. 


Several gases were used for filling and checked for 
visible light. All were found to yield an emission, the 
intensity of which is a function of pressure. The relative 
emission intensities were determined and denoted by cardinal 
humbers as explained above. Pyrex tubes (9 mm by 120 mm) 
were used, without any previous treatment. Each tube con- 
tained approximately five grams of mercury. The results are 


summarized in Table XIII. 


The tubes having the brightest intensity of each 
different gas were compared with each other. A wide vari- 
ation in intensity was noted, as indicated in Table XIV. The 
brightness was evaluated by degree to which the eye required 


dark adaptation in order to see the emission. 


A small amount of biacetyl in the neon and hydrogen 
tubes decreased the intensity of the emission greatly. A 
tube containing mercury, neon and biacetyl (5 gms., 26.6 and 
1.4 torr respectively) emitted a bluish red color of weaker 


intensity than the tube containing biacetyl and mercury only 
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TABLE XIII 


Variation in Triboluminescence Intensity With 


Pressure of Several Foreign Gases. 
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a. Cardinal numbers refer to the brightness of the emission 
where 1 is the brightest. 
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Table XIV 


Comparison of Maximum Emission Intensities 


of Various Foreign Gases. 
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Gas Fill Color of Emission Degree of Brightness 
Ne orange red The emission can be 
CO greenish blue seen in dim room 

Ho light blue light. 

Xe light blue 

CH, light blue The emission can be 
AG light blue seen after 5 to 10 
He ' light blue seconds of dark 

No violet blue adaptation of the 

Kr light blue eyes. 


biacetyl (24.3 torr) light blue 


The emission can be 


ola light blue seen after about 30 
air (24.4 torr) light blue seconds of dark 
Hg (no gas fill) light blue adaptation of the 
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(cf. Table XIV). A tube with mercury, hydrogen and biacetyl 
(5 gms., 16.7 and 1.0 torr respectively) was found to emit a 
light blue radiation which again is less intense than the 


tube containing only hydrogen and mercury. 


The use of a sodium amalgam instead of pure mercury as 
the liguid metal in the tubes seemed to suppress the 
emission almost entirely as well as changing the color. The 
tubes used in this experiment contained approximately 10 
grams of amalgam composed of 442 grams of Hg and 0.24 grams 
of Na. The tubes were of pyrex, 13 mm 0o.d. and 120 mm long. 
Table XV gives the results of the experiment. Difficulty in 
preventing the formation of oxidation products on the inside 
wall of the tubes decreases the reliability of the obser- 
vations. In this connection, Harper (167) has shown that the 
presence of oxides may have a profound effect on the tribo- 
electrical properties of a metal in contact with an insula- 
tor, including the reversal of the sign of the electrical 


charges on the two materials. 


A Wood's alloy metal melting at 70°C was used instead 
of mercury in a tube containing neon. When shaken, the tube 
emitted the characteristic orange-red color of the neon 
fill. The metal was composed of the elements Bi, Pb, Sn and 


Cd Vine the tpropoctions 50 95.26.79, s-13.Gs) 0. respectively. 


When cesium or bromine was used instead of mercury 


along with added neon, no emission could be seen. 
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TABLE XV 


Emission Characteristics from Sodium Amalgam. 
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Gas Pi bi Color 
30.6 torr helium very weak reddish color 
26.5 torr neon very weak blue color 


10.2 torr hydrogen no visible emission 
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A pyrex tube was joined to a plexiglass tube containing 
three grams of mercury and 29.0 torr of neon. The red glow 
from the neon was about the same intensity when the mercury 
waS agitated inside the glass section or the plastic sec- 


TeLON 


A brief investigation into the effect of temperature on 
the emission was also carried out. A tube containing only 
mercury showed flashes of whitish-blue light at room 
temperature but when immersed in boiling water the emission 
intensity is greatly increased and becomes very diffuse. 
With 39.2 torr neon at room temperature the major color is 
orange-red with a trace of blue. When immersed in boiling 
water the red light seems to retain the same intensity but 
the intensity of blue light, which appears near the mercury 
surface, is very much increased to the point where the in- 


tensity of the two colors become about equal. 


The intensity of emission could be eae Hee DY pes iis 
creasing the area of contact surface between the mercury and 
the glass. This was achieved by placing one or two glass 
spirals axially in the tube. A pyrex tube, 40 mm by 120 mn, 
containing two glass spirals and 40 torr neon pressure gave 
the strongest emission which could be readily seen from a 


distance of about fifty yards in the dark. 


The chemical reactions which take place in the gas 
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atmosphere during the electrical discharge and tribolumin- 
escence represent an interesting possible application of the 
phenomenon. For these experiments the reaction tubes were 
made of pyrex, 30 mm by 120 mm, encasing a pyrex coil to 
increase the contact surface area. The tubes were treated 
with 10% KOH, rinsed with distilled water and ethanol prior 
to use. To each tube, approximately 70 grams of mercury was 
added and then filled with the reactant gas(es). The filled 
tube was then mildly shaken for a period of time ina lab- 
oratory shaker. The results are presented in Table XVI with 
the product yields expressed in relative g.c. peak areas. An 
interesting product in hydrocarbon systems is the formation 
of alkyl mercurials in relatively high yields. Similar prod- 
ucts could be brought about by bubbling the gases through a 


pool of mercury. 


The implication that spurious products may arise from 
gas phase experiments performed with apparatus in which 
mercury moves in contact with a glass material was tested 
out. Non-condensable gases were produced from hydrocarbons 


and acetone on extensive manipulation by a Toepler pump. 


The mechanisms of these reactions are obviously complex 
and are expected to involve ionic as well as photochemical 


processes. 
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TABLE XVI 


Product Yields from the Triboelectrical Discharge 


Decomposition of Hydrocarbons and Acetone. 
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Decomposition product yield (4) 
(for initial substrate pressure and reaction time) 


11.0 tere Cie O45 LOLrr Cahs 11.8 torr, Ch. COCH. 


Products 24 hours 24 hours 12, hours 
CH3HgCH3; 128 55 621 
C2He 60 6C 

CoH, a 32 

CoHe 45 Ti2 1397 
He 29 ae 

CzHe Ne] 28 
C3He¢ #3 50 27 
CH, 107 
C4Cb) 35 45 
CHzHgCaHs5s 11 

co 814 
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TABLE XVI (Cont'd) 


Product Yields from the Triboelectrical Discharge 


Decomposition of Hydrocarbons and Acetone. 


ee 


Decomposition Product Yield ¢@) 


(for initial substrate pressure and reaction time) 
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CH,HgCH; 1 40 
C2H2 2014 396 
CoHe 208 130 
Ho 62 
C3He, ye: 42 
C3He 147 21 
CH, Seis} not measured 
c,¢b> Ag 
CH3HgCoHs 191 
HC=CCH; 366 
Yellow 
polymer VA JS 


ae Measured in relative g.c. peak areas. 


b. Denotes an unidentified four carbon compound. 
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